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On February 7%, 2021, a rockslide of about 20 Mio m? detached in a height of 5600 m asl. from the northern flank of
Mount Ronti (Chamoli district, Uttarakhand state, India), turned into a rock mass fall and produced a debris flow. When the
rock mass hit the Ronti Gad valley after a fall height of 1800 m the rock mass mixed with melting dead ice together with
snow and ice avalanche material of previous debris flows. The debris flow destroyed hydroelectric infrastructure between
10 - 20 km down the valley killing 204 people either working at or visiting the power plants. By combining remote sensing,
structural geology and kinematics/mechanical analysis of the rockslide, we demonstrate that a 600 m wide and almost
800 m long block of quartzite, bordered laterally by two joints and a newly formed tension crack on the top detached from
an underlying layer of biotite-rich paragneisses. Assuming full hydrostatic heads in both joints and in the tension crack as
well as 75% of the full hydrostatic head in the lower boundary surface between quartzites and paragneisses, the rock block
analysis yields a friction angle of 32° for both joints, which is a plausible value of the friction angle of joints in quartzites.
The detachment of the block has been the result of the widening of the tension crack on top, of a progressive propagation
of the lateral joints together with a catastrophic failure of the detachment plane at the border between quartzites and
paragneisses. At the time of the failure, all discontinuities must have been almost completely filled with water raising the
question, if the frequency of rockslides in the Himalayas is increasing as temperatures rise and permafrost is thawing due

to climate change.

1. Introduction

On February 7%, 2021, a rockslide of about 20 Mio m?
covered with ice and snow with coordinates UTM44
378370E 3360900N detached in a height of about 5600
m asl. from the north flank of Mount Ronti (Chamoli
district, Uttarakhand state, India). It turned into a rock
mass fall, which is characterized by the detachment of a
coherent rock mass fragmenting into individual blocks
(Corominas et al,, 2017), damming up the Ronti Gad
valley 1800 m deeper and melting dead ice, due to high
kinetic energy (Petley, 2021a). After the breakthrough
of the landslide dam the evolving debris flow entrained
large volumes of water from melted dead ice together
with snow and ice avalanche material of former events
on its way down the Rishi Ganga valley (Fig. 1). A similar
case, where a debris flow developed from mixing with
large volumes of water occurred 2017 in Graubiinden
(Switzerland), when a rock mass fall detached from the

North-face of Pizzo Cengalo, eroded and melted glacial
ice and transformed into a debris flow which reached
the town of Bondo (Wilhelm et al., 2019; Walter et al.,
2020).

10 km downstream, south of Raini village at the
confluence of the Rishi Ganga and Dhauli Ganga rivers,
the 13.2 MW Rishi Ganga hydropower project was
completely destroyed. Another 10 km downstream the
Tapovan-Vishnugad hydropower project was severely
damaged. Another 15 km downstream, a river gauge at
Joshimath, a city of more than 17000 people where the
Dhauli Ganga meets the Alaknanda River, measured its
highest water level ever recorded in history. During the
disaster 204 people, most of which were workers and
visitors in a gallery of Tapovan-Vishnugad hydropower
project lost their lives out of which only 72 bodies have
been recovered (PTI, 2021).
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Figure 1: Satellite image (Microsoft, 2022) of NE Uttarakhand (N India) showing the location of the investigated rockslide in Figure 2 (white dotted
rectangle). The image shows the area before failure. Coordinates are given in UTM 44. Red transparent area gives the extent of dust and debris associated

with the slide on February 7%, 2021.

While the potential processes, which led to the giant
debris flow, are discussed in Shugar et al. (2021) and on
various blogs and social media (e.g. Petley, 2021a and
b), the focus of this short study is the mechanics of the
rockslide detachment. Immediately after the disaster the
debris flow has been attributed to a glacial lake outburst
or to an ice avalanche. However, already on February
11, 2021, Petley (2021b) presented on his blog a Planet
Labs SkySat image showing the niche created by a rock
block failure. Berthier and Gascoin (2021) presented
profiles showing elevation changes in the source area
determined by a comparison of a 4 m resolution Pléiades
Digital Elevation Model (DEM) from February 10%, 2021,
and a Copernicus 30 m resolution DEM from 2013. By
combining these observations, with remotes sensing,
structural geology and rock mechanics, this study
contributes to the geometry and the mechanics of the
rock failure causing the Chamoli debris flow disaster.

2. Methods

2.1 Remote sensing and Geographic Information
System (GIS)

The area around the landslide was investigated by
remote sensing techniques based on satellite images
from bing maps (Microsoft, 2022) and digital elevation
data from the Shuttle Radar Topography Mission
(SRTM, USGS, 2022a) combined in a QGIS project (QGIS,
2022a). The satellite image was imported into QGIS
using the standard Openlayers Plugin Tool. Shuttle
Radar Topography Mission data were imported using
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the SRTM-Downloader plugin (QGIS, 2022b). The void
filled data have a resolution of 1 arc-second (30 meters).
Elevation contour lines with an interval spacing of 250 m
were extracted from the SRTM data using the standard
QGIS Raster-Extraction tool. Spatial orientation data of
the foliation and joint pattern were calculated using the
3-point methods from the QGIS project by extracting
x-y-z data from three points on a planar structure (x: UTM
44 east, y: UTM 44 north and z: elevations from the SRTM).
Since the measured structures can be traced over several
hundreds of meters the error introduced by the 30 m
resolution elevation data is less than 5°.

2.2 Geomechanical analysis

The aim of the analysis was to back calculate the friction
angle of the joints in the quartzites, using the theory
of limit equilibrium assuming a rigid block. It was also
assumed that all forces pass through its centre of gravity
and therefore no rotations occur (as known from other
sliding wedge cases, e.g. Wylie, 2017). The method is
based on the question whether the resulting friction
angle corresponds with values known from the literature
and if so, which conditions (e.g., water pressures on the
boundary planes of the rock block) are necessary to result
in this friction angle. Petley (2021a) suggested that the
detachment mechanism had been a wedge failure. A
kinematic check (see below) of the geometric conditions
of the block proved this mechanism to be possible. As
a first order estimation the friction angle of the sliding
planes (joints in the quartzites) was back calculated
for the case without water pressures on the boundary
planes of the rock block using the formulae given by



378000 379000

R. Poisel, B. Grasemann

Figure 2: Satellite image (Microsoft, 2022) of the location of the rock failure (red transparent wedge) in the N face of Mount Ronti. Grey arrow gives the
sliding direction of the failed block. The image shows the area after failure. White tectonic symbols show the dip-direction and dip angle of the main
foliation in the rocks calculated with the 3-point-method from the SRTM digital elevation model. Orange dotted lines show the traces of conjugate sets
of steeply W- and E- dipping joint systems. Orange tectonic symbols show the dip-direction and dip angles representative for these joints. White contour
lines represent elevations in meter with a contour interval of 250 m. Black dotted rectangle shows the exact location of Figure 3.

Hoek and Bray (1981) and by Wyllie (2017) considering
only the weight of the block. As the friction angle turned
out to be too low, a vector analysis at limit equilibrium
was performed considering also water pressures on the
boundary planes of the rock block. The analysis did not
follow the procedure given by Hoek and Bray (1981) and
by Wyllie (2017) because the aim was not a determination
of a factor of safety, but a back calculation of the angle of
friction of the joints using a simplified geometry of the
investigated rockslide. This analysis yielded a realistic
angle of friction of the joints in quartzites when the
joints and the tension crack have been filled completely
with water and the base plane by 75% to reach limit
equilibrium and failure. For the sake of clarity, the used
equations and the individual steps are introduced in the
worked example of the rock block analysis.

3. Geological setting

The investigated area is located in the Garhwal Himalayas
in northern India west of the Nanda Devi National Park
hosting the highest peak (Nanda Devi, 7816 m) entirely

located in Uttarakhand (India). The Alaknanda, Dhauli
Ganga and Rishi Gangariver drain the Garwahl Himalayas.
Tectonic uplift and the intense fluvial incision result in
long steep slopes that are prone to failure (Barnard et al.,
2021).

Geologically, the investigated rock mass fall is located in
the so called Munsiari Formation, which isa 500-700 m thick
mylonitic shear zone below the high-grade metamorphic
Proterozoic—Cambrian Higher Himalayan Crystalline rocks
and above the low-grade Proterozoic rocks of the Lesser
Himalayan Sequence (Hodges, 2000). Lithologically, the
Munsiari Formation consists of bright mylonitic muscovite-
quartz schists and quartzites interlayered with layers of
dark biotite-rich paragneisses (Jain et al,, 2014; Hunter
et al, 2018). Whereas the more competent quartz-rich
lithologies form meter-thick packages, the less competent
interbedded layers of paragneisses are strongly sheared
phyllonites, recording top-to-the south shear sense (Jain
et al,, 2014; Hunter et al., 2018).

Using the 3-point methods at several locations in
the investigated area (see tectonic symbols in Fig. 2)
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dip direction dip
intersection line of joints 1 and 2 i12 015 22
trace of joint 1 t; 083 46
trace of joint 2 t2 263 60
strike vector of the plane normal to the line of intersection s 285 00
dip vector of the plane normal to the line of intersection d 195 68
vertical v 000 90
vector normal to tension crack tc 352,5 00
vector normal to base plane (pointing upwards) b 352,5 54

Table 1: Dip directions and dip angles of geometrical vectors used in the rock block analysis.

the strongly foliated rocks of the mylonitic Munsiari
Formation weather in planar surfaces, which dip with
about 25-35° towards N to NE and have a pronounced
stretching lineation trending NNE-SSW, which can be
even identified in the satellite images. The sequence is
intensely fractured by a conjugate set of brittle, roughly
W and E dipping joints. Typical values for the joint sets
derived from the 3-point method are 075/50 and 280/70
(Fig. 2). Most joints have a strike length of less than a
few 100 meters although some joints can be traced in
the satellite images over a strike length of more than
3 kilometres (Fig. 2). The confined length of the joints
in the satellite image may suggests that the joints are
probably decoupled at lithological boundaries, most
likely between the more competent quartzites and the
less competent biotite-rich paragneisses. Since no offsets
of markers are observed in the satellite images, the joints
have not been significantly reactivated as faults and most
likely contain incohesive cataclasites or fault gauges
only to a minor degree. The thick mylonitic packages
with planar foliation surfaces and visible stretching
lineation are most likely high-grade quartzites reported
from outcrops along the strike of the lithologies in the
Alaknanda valley (Jain et al., 2014). These quartzites show
agradual transition into dark layers in the S-face of Mount
Ronti and may correlate to the biotite-rich paragneisses
(Hunter et al., 2018).

The whole state of Uttarakhand is known for the active
tectonics and the high seismicity with more than 50
historically known earthquakes between M 5 and 7
(USGS, 2022b). However, for the following discussion
it is important to note that the only earthquake, which
occurred in the first week of February 2021, was on 2
February 2021 about 500 km to the ESE with the Moment
Magnitude of M 4.5 and therefore an earthquake
triggered rockslide can be excluded (compare the shake
map at earthquake.usgs.gov).

4. Rock block analysis

Figure 3 shows a Planet Labs SkySat image (Planet
Team, 2021) of the source after the rockslide causing the
Chamoli debris flow disaster. As mentioned above, Petley
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(2021a) suggested that the detachment mechanism
had been a wedge failure. Figure 3 displays the two
joints forming the block, the boundary surface between
quartzites (bright) and paragneisses (dark) which is the
detachment or base plane of the block, the newly formed
tension crack bordering the rock block to the south, and
the positions of the profiles given by Berthier and Gascoin
(2021). Profiles a and b (Fig. 4) give the orientations of the
intersection line of joints 1 and 2 as well as of the traces
of joints 1 and 2 in profile b (Table 1) in a right-hand
coordinate system +x = E, +y = N, +z pointing upwards.
As shown by the orthoimage given by Berthier and
Gascoin (2021) the dip direction of the slope surface is
to the north and the dip angle is 42° slightly steeper than
the regional main metamorphic foliation of the rocks
derived by the 3-point method. Thus, the apparent dip
of the slope surface in profile a (Figure 4) is 41°. The base
plane strikes S 82 W - N 82 E, therefore the dip direction is
352°. The (true) dip follows from the apparent dip of 34°
(Fig. 4) with 36°.

Asdescribed in the geological setting chapterabove, the
joints developed predominantly in the more competent
quartzites and are not observed in the satellite image in
the dark paragneiss layers. Therefore, the rock block has
the shape of a truncated wedge as shown in profile b in
Figure 4 and in Figure 5. Table 1 lists the orientations of
vectors necessary for the rock block analysis. The cross
products i, x t and t,x i, give the vectors normal to
joints 1 and 2 (Tab. 2; vectors are in bold). The spatial
orientation given in dip direction and dip angle of joint
1 is 081/46, the orientation of joint 2 is 297/64. Figure 6
shows that the intersection vector of joint 1 and joint
2, which is the movement direction of the block, points
from the slope face into the free space meaning that
the block could detach from the slope surface. Figure
6 also reveals that the block has been sliding on both
joints surfaces and not on one joint only (Goodman and
Shi, 1985). The acute angle between the direction of
movement of the block and the base plane has caused
a tensile as well as a shear loading of the detachment
plane between quartzites and paragneisses. This hybrid
loading of the detachment plane caused a lift-off of the
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X y z Length of vector
vector normal to joint 1 n; - 0.604 -0.098 -0.591 0.851
vector normal to joint 2 n; 0.796 -0.400 -0.425 0.987

Table 2: Vectors normal to joint 1 and joint 2 bordering the investigated block.

sliding direction

Figure 3: Planet Labs SkySat image of the source after the rockslide
(used with permission from Planet Team, 2021). Note the dark colour of
the base plane (paragneiss) below the bright colours of the quartzite.
For location and coordinates compare Figure 2.
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Figure 4: Undistorted elevation changes in profiles (for location
see Figure 3) after Berthier and Gascoin (2021). Blue: measured
elevation changes; red: approximated geometry of wedge; h;: depth
of intersection line of joints 1 and 2 in the tension crack a) Profile a
in the dip direction of the intersection line of joints 1 and 2 (= sliding
direction; NNE-SSW). b) Profile b parallel to the strike of the tension
gash (WSW-ENE).
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Figure 5: Oblique view of simplified geometry of the detachment
niche used for calculations in the rock block analysis. The base plan of
the wedge is the detachment surface between the quartzites and the
paragneisses shown as a yellow surface. The green surface indicates the
surface slope. The blue surface represents the tension crack. The red
dashed line indicates the intersection lineation of joint 1 and joint 2.
The white arrow indicates the direction of sliding.

quartzite wedge and therefore the detachment plane
must have been propagated across the whole base plane
of the wedge before the block slid downwards.

As a first order estimation of the friction angle of joints
1 and 2 we applied a back analysis considering only the
weight of the block. A friction only analysis was chosen
because of the strike length of the joints observed in the
satellite image. As mentioned above, the rock block has
beensliding on both joints. Therefore, at limit equilibrium,
the sum of the reactions normal to the joints times the
tangent of the friction angle, must have been equal to
the block weight times the sine of the intersection dip
(Hoek and Bray, 1981; Wyllie, 2017). Resolving the contact
forces horizontally and vertically in a plane normal to the
line of intersection, the condition for limit equilibrium
gives:

Wcosa; sin .
—’Btamp = Wsing;

sing (1 )
tang sinf
—— = tang;
sing t (2)
.
_ _q5in7 tana;
¢ =tan™t —Z—— 3)

where Wis the weight of the rock block, ¢ angle of friction
along joints 1 and 2, ¢ is the angle between the joints a,
is the dip angle of the line of intersections between the
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Equal-area . S
Lower hemisphere

Figure 6: Equal area stereoplot (lower hemisphere) of discontinuities
bordering the detached quartzite wedge. For abbreviations of
geometrical vectors see Table 1.

joints and S is the angle between the strike of the plane
normal to the line of intersection and the normal to joint
2 (i.e. the pole of joint 2) minus 90° plus &/2 (Fig. 6).

Using the dot product n, - n, yields ¢ = 76.4°. The dot
product s - n, yields 152.2° and hence g = 152.2° - 90° +
38.2° = 100.4°. Using the condition for limit equilibrium,
the angle of friction ¢ is 14°. Considering that most likely
the joints contain incohesive cataclasites or fault gauges
only to a minor degree, this value seems to be much too
low. Typically, friction angles of joints in quartzites are
between 30° and 35° (Wyllie, 2017).

5. Discussion
As described above, an earthquake can be eliminated
as the trigger of the rockslide. By analogy with the Pizzo
Cengalo 2017 3.0 x 10° m? rockslide in Switzerland, which
was favoured by permafrost conditions and caused the
catastrophic Bondo debris flow (Walter et al., 2020), only
images of the detachment niche have been available to
decide whether hydraulic and/or ice thrust contributed
to the detachment (Wilhelm et al., 2019). The image of
the Chamoli rockslide detachment niche (Fig. 3) as well
as the image used by Berthier and Gascoin (2021) and
Shugar et al. (2021) do neither show any ice in the joints
nor on the detachment plane and therefore we assume
that only hydraulic thrust contributed to the detachment.
As discussed above, the detachment or base plane is
the result of a hybrid tensile and shear loading of the
border between the quartzites and the paragneisses.
After a basal fracture propagated along the detachment
plane, sliding of the quartzite block along the line of
intersection has been possible accompanied by lift-off of
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the quartzite block from the paragneisses. Therefore, we
assume that the detachment plane has been moistened
only to a limited extent when limit equilibrium has been
reached and failure occurred. The hydrostatic force acting
on the base plane is therefore considered only by 75%.

Considering hydrostatic forces in joints 1 and 2, in
the tension crack as well as in the base plane, the limit
equilibrium condition is constrained by:

(R; +Ry) tanp = X F; 4)

where RL2 are normal reactions in joints 1 and 2, IF, the
sum of the components of W, Hﬂ, sz, H,H, parallel to the
intersection line of joints 1 and 2. H, ,are the hydrostatic
forces in joints 1 and 2, H, is the hydrostatic force in the
tension crack and H, is the hydrostatic force in the base
plane. The components of W, Hﬂ, sz, H, H, parallel to
the intersection line of joints 1 and 2 can be found by
applying the dot products (lengths of i,v,n,n,t, b=
i, -vWi,-n H i -nH,i, tH,i,: b H,.Inserting
W = 468.896 MN, H, = 38594 MN, H, = 36.050 MN,
H,=127.313 MN (i.e. 75% of 169.750) and H,= 48.375 MN
(values determined using stereometric formulae) the sum
of components parallel to the intersection line of joints
1 and 2 IF = 242,608 MN. R, and R, can be determined
resolving equilibrium in the strike and dip directions of
the plane normal to the intersection line:

Rysin(f—%) = Rysin(f+5) LR =0 (5)
Rlcos(ﬁ—g)—chos(ﬁ+§)—ZFd=0 6)

where IF is the sum of the components of W, Hﬂ, sz,
H, H, parallel to the strike of the plane normal to the
intersection line of joints 1 and 2 and ZF is the sum of the
components of W, Hﬂ, x H.H, parallel to the dip vector
of the plane normal to the intersection line of joints 1
and 2. Following the procedure used to calculate ZF,
2F =-53,464 MN and 2F,=250,863 MN. Solving Equations
5 and 6 yields R, = 129,761 MN, R, = 253,955 MN and
R,+R,=383,716 MN. Using Equation 4 results in an angle
of friction ¢ = 32°. Therefore, the joints and the tension
crack must have been filled completely with water and
the base plane by 75% to reach limit equilibrium and
failure.

6. Conclusions

Based on remote sensing and structural geology of the
investigated area, the analyses of the geometry and the
mechanics of the Chamoli February 7, 2021 rockslide
have shown that a rock block cut out of a quarzitic layer
by two joints and a newly formed tension crack slid down
on these two joints. The lower boundary surface of the
block has resulted from a hybrid tensile and shear loading
of the border between quartzites and paragneisses
caused by an acute angle between the intersection line



of the two joints and the lower boundary surface. Its
irregularities shown in Figure 4 reveal that the fracture
has not followed a predetermined discontinuity. It has
developed progressively from a propagating fracture
forming a detachment plane, before the block has slid
downwards and has lifted off the paragneisses.

The mechanical analysis of the block detachment
considering only the weight of the block yields a friction
angle of the joints of 14°in order to meet limit equilibrium.
Considering that the joints were not lubricated by either
incohesive cataclasites or clay gauges, this value by far
too low. Therefore, we conclude that hydraulic and/or ice
thrust contributed to the detachment of the quartzite
block. Considering full hydrostatic heads in both joints
and in the tension crack and 75% of the full hydrostatic
head along the detachment surface between quartzites
and paragneisses, the back analysis yields a friction angle
of both joints of 32°, which is a plausible value of the
friction angle of a joint in quartzites.

We conclude that the detachment of the block has
been the final result of a progressive formation of the
tension crack, of propagation of the joints as well as
the progressive formation of the fracture at the border
between quartzites and paragneisses forming the
detachment surface associated with infiltration of water
into all discontinuities over an extended period (van
Wyk de Vries et al., 2021). This conclusion contributes
to the discussion about the frequency of rockslides in
high-alpine regions, which may increase in future due to
temperature rise and shift of the lower permafrost limits
(e.g. Schrott et al., 2012; Duvillard et al., 2021; Arenson et
al,, 2022).
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