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Rock avalanche induced flash flood on 07 February
2021 in Uttarakhand, India—a photogeological
reconstruction of the event

Abstract A large debris flow triggered by a rock avalanche in the
Raunthi glaciated valley resulted in flash floods in the Rishiganga
and Dhauliganga rivers on 07 February 2021 in Uttarakhand, India.
Hydel projects, houses, roads and bridges in the path of debris
flow were damaged resulting in many deaths. We have used high-
resolution satellite data (e.g. Pleiades, WorldView, Kompsat,
Cartosat, Resourcesat, Planet) to study the source of flash floods
and cause of the slope failure. Our detailed geological assessment,
carried out using stereoscopic Pleiades images (50 cm), revealed
rock avalanche as the main source of slope failure. The slope
failure has exposed a ~197-m-high head scarp near the crown
and is controlled by two sets of joints and a foliation that helped
in the wedge type failure. The volume of failed mass (rock and ice)
estimated by cut and fill method using digital elevation models
(DEMs) is ~ 29.3 million m3. The rock and ice descended from a
height of ~5474 m and then crashed onto the moraine and ice
bridges present in the valley at ~3732 m after travelling ~2.9 km
along a steep slope. The heat generated by friction during run out
and conversion of potential energy to kinetic energy due to the
crashing on valley floor melted snow and ice. The ice melt water
along with enhanced snow melting due to high ambient tempera-
ture on that day got intermixed with debris and created a slush,
which was mobilised as a channelised flash flood. Multi-temporal
high-resolution satellite data analysis showed that the debris flow
was initiated at ~10:08:45 h (IST), and it travelled with a velocity of
~10.6 m/s. The rock avalanche event lasted for ~50 min, and the
crash impact created a severe air blast in the valley. The rock
avalanche has also resulted in debris blocking the Raunthi gad
valley. Estimated Morphological Obstruction Index (MOI) and
Hydro-morphological Dam Stability Index (HDSI) indicate the
debris dam to be in an unstable domain.

Keywords Rock avalanche . Landslide dam . Wedge
failure . Stereoscopic satellite data

Introduction
A devastating flash flood event occurred along the Rishiganga-
Dhauliganga valley on 07 February 2021 in the Chamoli district of
Uttarakhand state in India. News report as of 23 February 2021
suggests that around 60 people are dead and 144 people are
missing (www.ndtv.com). The flash flood inundated major hydro-
electric projects in the Dhauliganga-Rishiganga valley and dam-
aged roads and bridges. The volume of water in the valley during
the flash flood was huge, and in the absence of rainfall on that day,
it led to an immediate speculation that a glacial lake outburst flood
(GLOF) could have been the cause of the debris flow. GLOF is a
major hazard in the Himalaya and a potential risk to dams

(Maskey et al. 2020; Shrestha et al. 2010). However, a recent study
by Kumar et al. (2021b) did not show any large glacial lake in the
Rishiganga catchment having potential to be GLOF. Further, post-
disaster satellite images of the catchment area that witnessed the
flash flood did not show evidence of GLOF. In contrary, the
satellite data analysis found a massive rock avalanche that oc-
curred in the catchment on the western slopes of the Raunthi
glacier valley near the Raunthi peak on 07 February 2021, which
could have been the potential cause of debris flow and flash flood.
In this study, we aim to substantiate this, using high-resolution
satellite data acquired before and after the event.

The Uttarakhand state of India is prone to landslides, earth-
quakes and floods due to its geological and physiographic setup
(Martha and Vinod Kumar 2013, Vinod Kumar et al. 2008). Ex-
treme events such as cloud burst in Kedarnath area in 2013 had
caused large-scale floods and landslides (Martha et al. 2015). A
similar large landslide event had also occurred in Varunawat
Parbat at Uttarkashi in the Uttarakhand state, and high-
resolution stereoscopic aerial photographs acquired after the event
were useful for a detailed geological assessment (Vinod Kumar
et al. 2008). In recent times, changing climatic conditions and
global warming have led to the melting of glacial ice and snow
on mountain ranges, thus triggering a large number of rock ava-
lanches across the world (Dunning et al. 2007; Lagmay et al. 2020).
A large and catastrophic rock avalanche occurred at the Xinmo
village in the Maoxian county of the Sichuan province of
China on 24 June 2017. The avalanche destroyed 64 houses
and killed 10 people, and 73 people were reported to be
missing (Huang et al. 2019). A giant rock avalanche with a
dammed lake was discovered during detailed geological map-
ping carried out by the Czech Geological Survey in the West-
ern Mongolian Altai (Žáček et al. 2017).

Rock avalanche is a special form of mass movement where a
large amount of transported material is dry rock or ice that is
fragmented before or during the slope failure. This definition
excludes debris as source material but includes any kind of rock,
sedimentary, metamorphic, igneous and also pyroclastic deposits
(Collins 2014; Hungr and Evans 2004). Such massive mass wasting
(in order of million cubic meter) phenomenon has been observed
and studied in detail in various parts of Alpine and Himalayan
mountains. Rock avalanches first became recognised in Switzer-
land in the 19th century, when the Elm and Goldau events killed
many people, surprisingly long away from the origin of the land-
slide (Buss and Heim 1881). Large rock avalanches are usually
associated with massive air blasts that magnify the damage caused
by the landslide itself. The energy involved in the downslope
transportation of the rock mass is transformed into kinetic energy,
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friction, soil deformation and rock fragmentation; this energy
dissipates until the rock mass comes to a stop (Penna et al.
2020). The Langtang debris avalanche in Nepal in April 2015
induced by the Mw 7.8 Gorkha earthquake completely obliterated
the village of Langtang and caused an air blast which destroyed
stone and wooden houses as well as induced human casualties
(Kargel et al. 2016). Uprooted and snapped off trees lay upstream
and downstream of the impact area in Langtang. Another potential
effect of rock avalanche is damming of the valley due to debris
(Dong et al. 2011). Landslide damming is a natural process occur-
ring in narrow valleys and forms when the landslide debris reaches
to valley floor blocking the river path (Dai et al. 2005; Gupta and
Sah 2008; Delaney and Evans 2015; Li et al. 1986; Costa and
Schuster 1988; Takahashi and Nakagawa 1993; Stefanelli et al.
2016; Kumar et al. 2019). Prediction of potential landslide dams
and their stability in narrow valleys can be carried out using
landslide damming index. Dam slopes, volume and morphology
of the valley area are important parameters required to study the
landslide dam stability (Stefanelli et al. 2016).

In this paper, we present a photogeological assessment of the
rock avalanche that caused the devastating flash flood in

Uttarakhand. Such an event of this scale and magnitude is hitherto
less recorded in Indian Himalayas. We have analysed stereoscopic
Pleiades imagery acquired after the disaster to delineate the geo-
logical controls that lead to the failure of the massive rock wedge.
We reconstructed the chain of events and time stamped the event
sequence based on photogeological study using geomorphic evi-
dences identified from multi-temporal satellite data. We have
identified potential unstable zones, i.e. landslide dams which have
resulted from the impact of the rock avalanche and subsequent
debris flow.

Study area
The source of the flash flood is located in the Raunthi glacier valley
(Raunthi gad) in the Chamoli district of Uttarakhand state in
India. Rishiganga further meets Dhauliganga near Raini village
(GSI 2021). A synoptic view of the region with origin of the debris
flow from the crash zone is shown in Fig. 1. The rock avalanche
zone comprises metamorphic rocks such as migmatite gneiss with
marble bands surrounded by gneiss, kyanite schist, quartzite, calc
silicate of Proterozoic age (Fig. 2). The Rishiganga river carried big
chunks of boulder, mud from the Raunthi gad to the Dhauliganga,

Fig. 1 Synoptic view of the affected region as seen from Resourcesat-2A LISS IV image (08 February 2021) shown in FCC. Inset (a) shows enlarged view of the rock
avalanche zone with joints and foliation (red lines), and SkySat-7 image (26 February 2021) in inset (b) shows lake formed due a landslide dam at the confluence of
Rishiganga river and Raunthi gad
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which has damaged Rishiganga and Tapovan-Vishnugad hydro-
electric projects, settlements, roads and bridges in and around
Tapovan, Raini and Joshimath (Fig. 1). It has also formed an
artificial lake at the confluence of Raunthi gad and Rishiganga
due to blockage by debris. This lake water is now flowing over the
landslide dam (Fig. 1).

Data and method

Satellite data and DEM
Multi-temporal high-resolution satellite data over the affected
region captured before and after the event were used in this
study (Table 1).

Method

Satellite data interpretation
The area affected by the rock avalanche and the debris deposition
was studied mainly using stereoscopic Pleiades data acquired on
10 February 2021. Photogeological interpretation of the affected
area was carried out to map the joint and foliation planes, crown
of the rock avalanche and its flow path, debris deposition, air blast
zone etc. Area affected by the air blast caused due to rock ava-
lanche was identified by mapping the snapped and uprooted trees.
Very high-resolution Kompsat-3A and WorldView-2 data acquired
before the event were referred, to map these changes.

Reconstruction of event sequence
The rock avalanche has occurred in a remote place and only
got noticed by villagers far away from the source region,
when the consequent debris flow travelled downstream. There
was no direct information immediately available on the cause
and source region of the debris flow. Multi-temporal high-

resolution Planet-1 satellite data acquired after the event were
mainly used to reconstruct the chain of events. The debris
flow front lobe was captured twice (T1-10:31:51 hrs and T2-
10:58:35 h) by Planet-1 satellite in the valley. The distance
travelled by the debris flow between T1 and T2 along the
valley was used to estimate the flow velocity. Subsequently,
the distance from the location of debris flow at T1 to the rock
avalanche crash zone was measured, and assuming a uniform
debris flow velocity, the origin time of debris flow at the
crash zone was approximately estimated. Further, geomorphic
and image signatures were used for time stamping of the
event sequence.

DEM generation and volumetric analysis
Stereoscopic Cartosat-1 and Pleiades-1B data were used to generate
DEM of the pre- and post-rock avalanche zones, respectively.
The Rational Function Model (RFM) using the Rational Poly-
nomial Co-efficients (RPCs) was used for block triangulation
by photogrammetric method (Grodecki and Dial 2003). A
single block for both the stereoscopic satellite data with a
common reference frame was created using ERDAS © photo-
grammetric software. The match points generated for both the
datasets were converted to a 10-m (Cartosat-1) and 2-m
(Pleiades-1B) gridded DEM. Cut and fill method was used to
estimate the volume of the rock and ice detached from the
source region (Martha et al. 2010). DEM differencing was used
to find the height of the failed mass within the release area.

Landslide dam stability evaluation
Landslide damming index was used to determine potential
instability of landslide debris dam near the crash zone
(Kumar et al. 2021a). To study the potential landslide dam
formation in the case of slope failure and its stability

Fig. 2 Geological map of the area around the rock avalanche zone (Bhukosh 2021)
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evaluation, geomorphic indices such as Morphological Obstruction
Index (MOI) and Hydro-morphological Dam Stability Index (HDSI)
proposed by Stefanelli et al. (2016) were used.

MOI ¼ log Vl=Wvð Þ ð1Þ

HDSI ¼ log Vl=Ab:Sð Þ ð2Þ

Where, Vl is landslide dam volume (m3), Wv is width of
dammed valley (m), Ab is upstream catchment area (km2) and S
is local slope gradient of river channel (m/m). We have taken three
scenarios of Ab: total upstream catchment area, 50% and 30% of
upstream catchment area, to get information about the possible
range of dam stability indices. According to Stefanelli et al. (2016),
MOI <3.00 is non-formation domain, 3.00 <MOI >4.60 is uncer-
tain evolution domain and MOI >4.60 is formation domain.
Whereas HDSI <5.74 is instability domain, 5.74 <HDSI >7.44 is
uncertain determination domain and HDSI >7.44 is stability
domain.

Results

Rock avalanche
The main source of slope failure that triggered cascading effects in
downstream areas is a rock avalanche which is clearly seen in the
post-disaster image (Fig. 3). The crown of the rock avalanche is
located at ~5474-m height and longitude 79° 43′ 52.03″ E and
latitude 30° 22′ 27.38″ N. The rock avalanche has exposed three
planar structural discontinuities. Comparison of the orientation of
these discontinuities with the regional trend of the discontinuities
revealed that two sets of joint planes and one foliation plane
controlled the rock failure near the crown. These planes are well
exposed in the Pleiades data. Traces of snow/ice melt water flow on
these planar surfaces, which marks the direction of steepest

descent, were assumed as the dip directions of joint and foliation.
Dip angle along the dip direction was measured by 3D interpreta-
tion of the satellite data. The dip direction/dip angles of Joint1,
Joint2 and foliation are 350°/79°, 295°/62° and 105°/49°, respectively
(Fig. 3). Photographs taken during the helicopter survey also show
two sets of joints and a foliation plane (Fig. 4). The rock type at
crown is migmatite gneiss and marble bands (Fig. 2). To under-
stand the kinematics of the slope failure, the planar discontinuities
were plotted on a stereonet (Fig. 5). The stereonet shows a typical
wedge type failure controlled by Joint2 and Foliation (Goodman
and Bray 1976; Hoek and Bray 1981). The average height and length
of the head scarp are ~197 m and ~580 m, respectively. Head scarp
and side scarps are clearly visible in the Pleiades image (Fig. 3).
Fresh rocks and boulders are also clearly seen in the post event
Pleiades image. All joints along the avalanche travel path were
mapped (Fig. 1).

The release area (0.3 km2), i.e. the rock and ice mass detached
from the crown, was mapped from Pleiades images. Cut and fill
analysis within the release area carried out using pre- and post-
disaster DEMs estimated the volume of the landslide as ~29.3
million m3. Height of the release area was estimated by DEM
differencing, and the maximum height (~197 m) of the release area
was found near the head scarp (Fig. 6). WorldView-2 and Komsat-
3A images acquired in the same season, but with a gap of 5 years,
clearly show the exposure of the joint plane (Fig. 5). The
Resourcesat-2 image, which has minimal snow and ice cover,
shows rock exposure within the release area (Fig. 5).The multi-
temporal analysis of the rock avalanche zone shows gradual emer-
gence of the joint that controlled the head scarp since the last 5
years. Freezing and thawing along the jointed rocks, which is
prevalent in high altitude glaciated areas, has weakened the rock
mass over a period of time. On 07 February 2021, maximum
surface temperature reached ~278 °K from average maximum
temperature of ~273 °K (ISRO 2021). Heavy snow fall during 02–
06 February 2021 and increase in ambient temperature on 7 Feb-
ruary 2021 possibly allowed percolation melt water in jointed rock

Table 1 List of satellite data used in this study

Sl. no. Satellite (resolution) Date Sources

Pre-disaster

1 WordView-2 (46 cm) 28 September 2015 USGS

2 Resourcesat-2A LISS IV Mx (5.8 m) 10 October 2017 ISRO

3 Resourcesat-2 LISS IV Mx (5.8 m) 27 November 2017 ISRO

4 Cartosat-1 Stereoscopic (2.5 m) 01 November 2018 ISRO

5 Kompsat-3A (55 cm) 16 September 2020 KARI

6 Sentinel-2A (10 m) 05 February 2021 ESA

Post-disaster

7 Planet-1 (3 m) 07 February 2021 Planet Labs

8 Resourcesat-2 LISS IV (5.8 m) 08 February 2021 ISRO

9 Resourcesat-2 LISS III (23.5 m) 08 February 2021 ISRO

10 Pleiades-1AMonoscopic (50 cm) 09 February 2021 CNES

11 Pleiades-1BStereoscopic (50 cm) 10 February 2021 CNES

12 SkySat-7 (50 cm) 26 February 2021 Planet Labs
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mass which might have increased the pore water pressure and also
enabled reduction of angle of internal friction for wedge type
failure as seen in the stereonet (Fig. 5).

Air blast
Air blast is an extreme rush of air loaded with projectiles capable
of causing severe destruction (Penna et al. 2020). Air blast is one of

Fig. 3 3D perspective view of the rock avalanche. Insets show elevation profiles before (red) and after (blue) along A-B and C-D. Top — Cartosat-1 image showing the
pre-failure surface. Dashed green arrows indicate the rock avalanche direction. Bottom — Pleiades image showing the post-failure surface. Scarps exposed due to wedge
type failure along joint and foliation planes are clearly seen. Arrows (red and orange) indicate the dip directions of joint and foliation planes
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the prominent after effects of rock avalanche. The rock and ice
mass that has descended from the crown region hit a mountain
escarpment in the opposite side of the valley. The escarpment has
approx. 900-m length and 500-m height, and it is oriented in
the NNW-SSW direction. This vertical escarpment acted as a
deflector and siphoned the displaced air mass towards the
valley (Fig. 7). As a result of this air blast, trees were
uprooted and snapped. The extent of damage to trees is seen
up to 3.2 km from the zone of impact (Fig. 7). The path of air
blast in the upslope region is shown in Fig. 8.

Debris bounce
The impact of rock and ice that crashed to the valley floor was
such high that the pulverised rock mass and boulders jumped to
the mountain opposite to the rock avalanche. Satellite data inter-
pretation shows debris and boulders lying at an altitude of 4015 m
which is ~285 m above the valley floor (Figs. 8 and 9).

Debris dam
The mass of rock and ice that fell on the Raunthi gad valley were
pulverised due to high impact. The debris was strewn all over the
crash zone and to the opposite valley wall. It is seen from the

satellite data interpretation that the debris deposited in the valley
was removed partially on 07 February 2021, but still a large chunk
of debris is lying in the valley (Fig. 10). This has blocked the valley
completely by creating a debris dam. Minor accumulation of
snowmelt water in the upstream of the debris dam is already
visible in the image (Fig. 10). Since snowmelt is expected to
increase in summer time, water will further accumulate here due
to blockage of flow by the debris dam. The debris dam in unstable
and cracks are visible on the top due to slumping. We have
evaluated the stability of dam using two indices.

Landslide dam stability
The surface area of the landslide debris dam near the crash zone is
~29,630 m2 with a length across and along the valley as ~185 mand
~155 m, respectively. The average height of the dam is ~20 m. The
parameters used for the calculation of the MOI and HDSI indices
are given in Table 2. Based on the MOI observation (MOI is 3.84),
the area is observed to be in uncertain evolution domain. It
indicates that the landslide dam is unstable. We have taken 3
scenarios of Ab, i.e. total upstream catchment area (65 km2), half
upstream catchment area (32.2 km2) and one-third of upstream
catchment area (21.6 km2) to derive the possible range of dam

Fig. 4. a Photograph taken from the helicopter showing the triangle-shaped release area of the rock avalanche and a highly crevassed glacier on its right. Symbols show
attitude of joint and foliation, b foliation and joint-1 exposed on the joint-2 section, c ground photograph showing boulders of various sizes over the dam and on the
valley floor, d tunnel filled with debris and water wherein construction workers were trapped and e ground photograph showing debris flow mark above the valley floor
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stability index at three different scenarios. Based on the HDSI
observation, for total upstream catchment area: HDSI is 5.42, for
half upstream catchment area: HDSI is 5.72 and for one-third of
the upstream catchment area: HDSI is 5.9. It is observed that the
dam remains in the instability domain under total or 50% catch-
ment contribution.

Discussion
The flash flood posed a unique challenge to scientists and re-
searchers since the effect was observed for an unknown cause.
The affected area is remote and not accessible on the ground;
hence, satellite data were used to investigate the flash flood disas-
ter. Pre and post change analysis coupled with photogeological
study done using stereoscopic satellite imagery has shown that a
rock avalanche has occurred along the western slope of Raunthi
gad valley near the Raunthi peak. Analysis of pre-event imagery
from Sentinel-2 satellite (05 February 2021) and Kompsat-3A (20
September 2020) shows an overhanging rock formation with joints
near the crown. The geometry and orientation of the foliation
plane and joints significantly control the consequent wedge type
failure of the slope material (Fig. 5). The estimated volume of the
landslide is ~29.3 million m3. This enormous volume of material
impacting the valley floor has resulted in the massive air blast and
debris bounce which is clearly illustrated from the satellite imag-
ery. The accumulated debris has created an unstable dam as
indicated by our estimation of MOI and HDSI values.

Debris mobilisation
The event witnessed a large amount of debris flowing in the
Rishiganga-Dhauliganga valleys and subsequently in the
Alaknanda river valley with a visible impact up to a distance of
~55 km from the crash zone. The debris mainly consists of ash grey
colour clay with big to small size angular boulders (Fig. 4). The
flow marks are clearly visible on the valley slope (Fig. 4). Satellite
data analysis of the event near the crash zone did not show any
geomorphic evidence of water impoundment. The large volume of
failed rock and ice mass (~29.3 million m3) were pulverised during
the descent from ~5474 to ~3732 m and also by the crashing
impact. The pulverised ice due to an increase in the surface area
of small ice crystal had a greater chance of instantaneous melting
because of frictional and impact heat. The ice melt water quickly
got intermixed with the rock debris resulting in creation of slush at
the crash zone, and since the shear strength of the slush is expect-
ed to be low, it could not withstand on a steep valley floor and thus
started flowing downslope. The saturation further enhanced as the
momentum of the flow increased.

Photogeological reconstruction of chain of events
The movement of debris flow with the frontal lobe was captured by the
Planet-1 satellite at 10:31:51 h (IST) on 07 February 2017. The flow front
has crossed theRaini village and started flowing in theDhauliganga river
(Fig. 11). A second imagewas captured by the satellite on the same day at
10:58:36 h (IST), and it is clearly seen that debris flow frontal lobe has

Fig. 5 Stereonet showing wedge type failure of the rock avalanche
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crossed the Tapovan-Vishnugad hydel project located in the
Dhauliganga river and reached Alaknanda river in the downstream.
During this 00:27:15 h (T1–T2) period, the flow has travelled ~16,962
m. The average velocity thus estimated is 10.6 m/s. The velocity was
assumed to be uniform and was used to estimate the origin time of the

debris flow at an upstream distance of ~14,688 m, i.e. crash zone from
the first observed position (T1) of the debris lobe. The time of flow
initiation was estimated at 10:08:18 h (IST). The distance from the crash
zone to the landslide lake that was formed at the confluence of Raunthi
gad and Rishiganga river is ~5183 m. Assuming the same uniform

Fig. 6 Multi-temporal high-resolution image showing gradual emergence of the joint plane in the crown area. Landslide release area depth estimated from DEM
differencing analysis is shown in a colour scale
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velocity, it was estimated that the landslide dam and lake might have
formed at 10:18:43 h. Planet-1 images also show varying intensity of dust

cloud near the crash zone and crown indicating that the rock avalanche
continued for some time (Fig. 11).

Fig. 7 Air blast due to rock and ice avalanche. Air blast zone and direction are illustrated on post-event Pleiades image. Two insets show snapped and uprooted trees due
to air blast

Fig. 8 Elevation profile along the travel path showing the behaviour of the rock avalanche. The profile line A-B is shown over the Resourcecesat-2 LISS IV image acquired
on 08 February 2021
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Fig. 9 Zone of debris deposition on the opposite valley wall is shown over the Pleiades image acquired after the disaster. The image before the disaster was acquired by
Kompsat-3A satellite

Fig. 10 Two potential hazard zones in the Raunthi gad valley mapped using Pleiades image. Pulverised chunk of debris blocking the valley. The red polygon shows the
extent of the landslide debris that has blocked the Raunthi gad valley. Insets show pre-event high-resolution image of Komsat-3A

Recent Landslides
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The above estimates of time along with geomorphic signatures
and video footages of debris flow in downstream areas available in
social media were used to derive the following sequence of events
(time shown in IST) for the flash flood on 07 February 2021.

i. Few minutes before 10:08:45 h—Rock avalanche occurred
resulting in ice melting, air blast and dust cloud formation

near the crash zone. The rock avalanche dislodged more rocks
along the travel path and then crashed to the Raunthi gad
valley floor after travelling 2.9 km from the crown with a fall
of approx. 1740 m. The high energy impact pulverised the rock
and ice and created an air blast which snapped and uprooted
trees up to 3.2 km in the downstream direction. The air blast
also created dusts which have settled on the snow cover in the

Table 2 Input parameter for Morphological Obstruction Index (MOI) and Hydro-morphological Dam Stability Index (HDSI)

Sl. no. Parameter Value Index

1 Vl 592,600 m2 MOI = 3.84

2 Wv 85 m

3 Ab Scenario 1: Total upstream catchment area: 65 km2 HDSI = 5.42

4 Ab Scenario 2: Half of upstream catchment area: 32.2 km2 HDSI = 5.72

5 Ab Scenario 3: A third of upstream catchment area: 21.6 km2 HDSI = 5.90

6 S 29

Fig. 11 Sequence of events derived using Planet-1 satellite data
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downstream side (Fig. 1). The debris also bounced to the top of
the mountain in the opposite side of the valley up to a height ~
285 m above the crash zone (Fig. 9).

ii. 10:08:45 h—Debris flow started downstream from the crash
zone, and the flow velocity is 10.6 m/s. As the slush moved
down, it created more heat, and mobility of debris further
increased due to entrainment. Majority of slush flowed down-
stream but left a chunk of debris in the valley resulting in
formation of an unstable landslide debris dam near the crash
zone in the Raunthi gad, which is vulnerable in the future.
Currently minor impoundment is seen (Fig. 10) which may
increase further in summer due to snow melt.

iii. 10:18:43 h—Debris blocked Rishiganga river at the confluence
of Raunthi and Rishiganga and artificial lake formed thereaf-
ter. Currently, water is flowing over the landslide dam (Inset
(b) in Fig. 1).

iv. 10:31:51 h—Active rock avalanche continued, and thick dust
cloud is seen along the rock avalanche path and at the crash
zone (Fig. 11). Debris flow reached the Dhauliganga river and
subsequently buried the Tapovan-Vishnugad hydel project
(Fig. 11).

v. 10:58:35 h—Thin dust cloud is seen near the crown, and no dust
cloud is seen at the crash zone indicating that rock avalanche
has subsided (Fig. 11). Duration of rock avalanching is ~50
min.>

Conclusion
We present a detailed geological assessment of the rock avalanche
that triggered the flashflood in the Dhauliganga-Rishiganga valley.
The stereo imagery from Pleiades satellite has provided an un-
precedented synoptic view of the landslide area, affected valley
floor and other regions in downstream areas. The wedge type
failure of the rock mass was controlled by pre-existing set of joints
along the rock face of the slope, which predominantly consists of
fissile metamorphic rocks. The volume of the rock and ice mass is
massive (~29.3 million m3) and thus is the high inherent potential
energy at an altitude of ~5474 m. The rock avalanche released a
huge amount of energy on impact, causing an air blast, pulverising
material on the valley floor, melting large quantity of ice, resulting
in debris flow which then inundated downstream dams and set-
tlements. Such an event is hitherto less recorded in the Indian
Himalayas and raises concerns over the stability of the glaciated
high reaches of the Himalayan Mountains. The debris dam at the
crash zone is analysed to be unstable which may be potentially
hazardous in the forthcoming summer season. As a short-term
measure, it is recommended that the debris dam near the crash
zone needs to be monitored in forthcoming summer seasons since
snow melt water can potentially create a lake which may breach
the unstable landslide dam. In a recent study, Kumar et al. (2021b)
found that the glaciated area in the Rishiganga catchment declined
since 1980 as a result of deprived precipitation due to global
warming. We have also found highly crevassed glaciers near the
rock avalanche zone during the helicopter survey. Hence, as a
long-term measure, in view of the global warming, monitoring
large cracks and crevasses around the rock avalanche zone will
help in assessing a similar type of failures in the future. The
sequence of events, i.e. time stamping for the flash flood, was
reconstructed based on the available satellite data till now and

may be further refined with availability of more ground and
satellite data. The debris dam volume and rock avalanche volume
presented in the report are estimated from satellite data using a
photogrammetric technique in the best possible manner. The work
presented in this paper has created baseline information for a
disaster in a remote area and will help future work on flow
simulation modelling. This study has also demonstrated the im-
portance of multi-temporal high-resolution satellite data for as-
sessment of disasters.
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