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a  b  s  t  r  a  c  t

Catastrophic  collapse  of large  rock slopes  ranks  as one  of  the  most  hazardous  natural  phenomena  in
mountain  landscapes.  The  cascade  of  events,  from  rock-slope  failure,  to rock  avalanche  and  the  near-
immediate  release  of  debris  flows  has  not  previously  been  described  from  direct  observations.  We  report
on the  2017,  3.0  × 106 m3 failure  on  Pizzo  Cengalo  in Switzerland,  which  led  to  human  casualties  and
significant  damage  to infrastructure.  Based  on remote  sensing  and  field  investigations,  we  find  a  change
in  critical  slope  stability  prior  to failure  for which  permafrost  may  have  played  a  destabilizing  role.  The
resulting  rock  avalanche  traveled  for  3.2  km  and  removed  over  one  million  m3 of glacier  ice and  debris
deposits  from  a previous  rock  avalanche  in 2011.  Whereas  this  entrainment  did  not  lead  to  an  unusually
large  runout  distance,  it favored  debris  flow  activity  from  the  2017  rock  avalanche  deposits:  the  first
debris  flow  occurred  with  a delay  of  30 s followed  by ten debris  flows  within  9.5  h  and  two  additional

events  two  days  later,  notably  in  the  absence  of  rainfall.  We  hypothesize  that  entrainment  and  impact
loading  of  saturated  sediments  explain  the initial  mobility  of  the  2017 rock  avalanche  deposits  leading  to
a  near-immediate  initiation  of  debris  flows.  This explains  why  an  earlier  rock  avalanche  at the same  site
in  2011  was  not  directly  followed  by debris  flows  and  underlines  the  importance  of  considering  sediment
saturation  in  a rock  avalanche’s  runout  path for Alpine  hazard  assessments.

© 2019  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license
. Introduction

The failure of large rock slopes results in rock avalanches, which
an have a long run-out (> 1 km)  and charge the landscape with
ast quantities of fragmented rock debris. As a result, the risk for
emobilizing the unconsolidated deposit material as debris flows,
riggered by primary factors such as rainfall or earthquakes or sec-

ndary factors such as antecedent rain fall or snow melt (Huang
nd Fan, 2013) dramatically increases, and remains high for some
ime after rock slope failure (i.e. days to month, depending on seis-
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169-555X/© 2019 The Authors. Published by Elsevier B.V. This is an open access article u
(http://creativecommons.org/licenses/by/4.0/).

micity and the type and quantity of water supply to enhance the
debris mobility) (Berger et al., 2011; Baer et al., 2017, Frank et al.,
2019).

A few case studies suggest a direct transition of rock avalanches
into large and destructive debris flows (e.g. Hauser, 2002, Plafker
and Ericksen, 1978, Petrakov et al., 2008; Huggel, 2009). Hauser
(2002) analysed the 1987 6.0 × 106 m3 Cerro Rabicano rock
avalanche (Chile). Entrainment of a significant volume of path
material consisting of fluvial sediments and 5–10 m of snow cover
may  have caused a direct transition from a rock avalanche into

a debris flow. A similar transition is reported for the earthquake
triggered, 1970 rock-ice-avalanche at the north peak of Neva-
dos Huascaran, Peruvian Andes (Plafker and Ericksen, 1978). The
transition from the ice-rock avalanche with an initial volume

nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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 F. Walter, F. Amann, A. Kos et al.

f approximately 50–100 × 106 m3 (the ice volume was approxi-
ately 5.0 × 106 m3) into a debris flow was likely associated with

he entrainment of debris and a significant amount of snow and
rn. The accumulated snow depth at the 2.4 km-long transition
one when the rock mass moved across Glacier 511 was estimated
o be at least 28 m and the total entrained, equivalent water volume
as 10–20 × 106 m3 (Plafker and Ericksen, 1978).

Large rock slopes fail when they reach a critical stress thresh-
ld (Kos et al., 2016). Recognising the change in criticality, well
n advance of failure however, remains a challenge. Even though
he process cascade from slope failure to rock avalanche and debris
ow is a recognised phenomenon, the underlying mechanisms con-
rolling the transition remain poorly understood. From published
ccounts, rock avalanche deposits were either remobilized as debris
ows long after the initial rock avalanche event, or events had to
e reconstructed via scientific back-analysis (e.g., Marietan, 1925;
vans and Clague, 1994, Kotlyakov et al. (2004), Haeberli et al.,
004; Huggel et al., 2005; Petrakov et al., 2008; Huggel, 2009; Kääb
t al., 2018).

Here we focus on the sequence of events before, during and after
he massive 2017 rock slope collapse on Pizzo Cengalo in the Swiss
lps. The collapse was observed and documented in unprecedented
etail, resulting in a new picture of cascading hazard interactions
or large rock slope instabilities. In contrast to other case studies,
here debris flows were triggered by earthquakes, rainfall or snow
elt long after a rock avalanche (e.g. Berger et al., 2011; Baer et al.,

017) or directly transitioned into a debris flow (e.g. Plafker and
ricksen, 1978, Hauser, 2002), the Pizzo Cengalo rock avalanche
as deposited and followed by a first debris flow with a delay of

0 s and in absence of any precipitation. Understanding the fac-
ors influencing the observed cascades and the mechanisms behind
rocess interactions is critical for developing future hazard man-
gement strategies.

. Study site and history of rock slope failure

Pizzo Cengalo (WGS 84: 46◦17′49.090′′N 9◦36′37.688′′E, 3369 m
sl) is situated in the Val Bregaglia region within Eastern
witzerland’s Canton Grisons. It locates at the valley head of the
ondasca Valley, some 6 km up-valley from the village of Bondo
Figs. 1 and 2 ). Near Pizzo Cengalo, the Bondasca Valley and its
ateral canyons host a number of small glaciers (Figs. 1 and 2b).
t lower altitudes, the valley has been sparsely developed with
n access road, vacation homes, stables, popular hiking trails, a
easonally occupied mountain hut (“Sciora Hut”) and parking areas.

Pizzo Cengalo’s NE face has been subject to varying sizes of rock
lope failures. Systematic observation of the rock slope instabil-
ty commenced in 2012, in response to a 1.5 × 106 m3 rock wall
ollapse, which occurred in December 2011 (Fig. 2c). The 2011 col-
apse evolved into a rock avalanche, traveling 2.7 km down the
ondasca valley, and charged the landscape with a considerable
eposit of rock debris (Fig. 2c). Photographs show that the back
carp of the 2011 failure was largely covered with a thick layer of
lue permafrost ice (Fig. S3a), which may  have contributed to the
atastrophic failure. During summer 2012, heavy rainfall remobi-
ized parts of the 2011 rock avalanche deposit, and four debris flows

ere triggered, which reached the village of Bondo, located at a dis-
ance of 6 km at the valley bottom (Baer et al., 2017). The debris flow
azard prompted the construction of a retention basin in Bondo and
he installation of an early warning system at Prä (Fig. 1).

On 23 August 2017, another, significantly larger rock volume

f 3.00 × 106 ± 0.02 m3 collapsed at the Pizzo Cengalo NE face,
Figs. 1 and 2d) as determined from repeated terrestrial laser scans
TLS, see Sections 3 and Text S2) and time-laps photographs, which
lso document a precursory 0.10-0.15 × 106 m3 rock fall event on 21
orphology 351 (2020) 106933

August 2017 (personal communication M.  Keiser, Canton Grisons).
The main collapse on 23 August 2017 resulted in a 3.2 km long
rock avalanche, which overran the deposits of the 2011 event
and reached the hiking trail to the Sciora Hut (Fig. 2d). The rock
avalanche claimed the lives of eight hikers who  passed the affected
trail section at the time of failure.

3. Slope stability prior to the 2017 event

Displacement monitoring with terrestrial radar interferometry
(TRI, see Section S3 in the supplementary material for details) and
TLS between 2012 and 2017 prompted an early warning issued sev-
eral weeks prior to the 2017 catastrophic failure. TRI data showed
that annual displacements varied between 40 mm yr−1 and 60 mm
yr−1 during the 2012–2015 period (Fig. 4). Between August 2015
and July 2016 annual displacements notably increased by a factor
1.5, and were then followed by a dramatic, factor 2.5–3.0 increase
between July 2016 and July 2017. TRI measurements in summer
2013 indicate no slope displacements during the summer season
(Fig. 4b–c). Thus, the measured annual displacements accumulated
solely between the beginning of fall and end of spring. During
this period, increased fluid pressure associated with snow melt
infiltration cannot explain the observed displacements, as snow
accumulates only at a few locations in the steep rock wall. Addi-
tionally, snow melt on North-facing rock slopes tends to form a
basal ice layer under the snow pack in spring, largely preventing
the infiltration of melt water (Phillips et al. (2016)).

After the 2017 failure, first-hand observations via telescope con-
firmed small patches of ice in the back scarp, which appeared
covered or interspersed with debris and dust. In addition to these
observations of ice, a recently developed permafrost distribution
map  confirms the presence of permafrost in the NE slope of Pizzo
Cengalo (Kenner et al., 2019). Permafrost is known to play an impor-
tant role in rock slope stability (Allen et al., 2013; Krautblatter et al.,
2013; Deline et al., 2015; Phillips et al., 2016). Ice segregation or
freeze thaw cycles can induce ice growth in fractures (ice-wedging)
which enhance crack opening (Matsuoka, 2001; Draebing et al.,
2017) followed by progressive rock bridge failure (Phillips et al.,
2016). The fact that at least in 2013 displacements were only
observed between the beginning of fall and end of spring but not
during the summer period suggests that ice-wedging is an impor-
tant preparatory factor.

The increased displacement rates after 2015 suggest an increase
in the degree of criticality (i.e., a greater proportion of discontinu-
ities in the rock mass are close to their strength limit) resulting
from rock bridge failure that occurred in the previous years. This
is consistent with the TLS data obtained between late spring and
early fall 2016, which in contrast to 2013 also showed significant
displacements during the summer period. The increased criticality
implied an increased sensitivity of the rock slope to stress changes
induced, for example, by changes in water pressure associated with
summer rainfall events.

The final trigger for the rock slope failure in August 2017 cannot
be associated with a single event. Post-failure analysis however
shows that at the time of failure, the water levels in daylighting
structures at the lateral release surface were approximately 60 m
above the basal failure plane (Fig. 3).

The orientation of geological structures is a key controlling fac-
tor for the Pizzo Cengalo rock slope instability. Structures in the
granodiorite include three penetrative, brittle sets of discontinu-
ities (Fig. 3 and S1 in the Supplementary information). Prior to

the 2017 catastrophic failure, kinematic analysis of the geolog-
ical structures (Supplementary information) indicates a primary
toppling mechanism along slope-parallel discontinuities (Set 3 in
Fig. 3 and S1). Those discontinuities affect the rock slope stabil-
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ig. 1. Overview map  and topographic cross section showing the Bondasca Valle
eposits, and limits of the debris flows are also shown. Note the debris flow retenti

ty above 2800 m asl. Below this elevation, the lower dip angle of
hese discontinuities renders toppling unlikely. This is supported
y displacement maps obtained from radar interferometric mea-
urements, which indicate no displacements below 2800 m asl
Fig. 4). Due to toppling, the steep slope-parallel structures (Set
) are kinematically unconstrained and sliding can occur as a sec-
ndary mechanism. Set 1 (Fig. 3c) is of particular importance for
he deep-seated rock slope instability because it strikes normal
o the slope and, due to its widespread persistence (e.g. > 50 m),

orms major lateral release planes (Fig. 3). The basal failure plane
f the slope instability is not associated with pre-existing geologi-
al structures, but rather exhibits a step-shaped surface indicating
rogressive rock bridge failure (Fig. 3) (Gischig et al., 2011a, 2011;
o Cengalo and the village of Bondo. Limits of the 2011 and 2017 rock avalanche
in in Bondo and an early warning system for debris flows installed at Prä.

Phillips et al., 2016). Failure of rock bridges was frequently heard
as a low-frequency rumbling during summer field trips between
2015 and 2017. The qualitative intensity of the audible sounds was
notably stronger in 2016 and 2017, which anecdotally correlates
with the dramatic increase in displacement rates measured with
TRI and TLS.

4. Rock avalanche dynamics
The catastrophic collapse on 23 August 2017 was captured on
video (video S1; Supplementary information). The footage shows
how the failed rock mass impacted a small glacier located at the foot
of the slope (Fig. 2b). The impact caused the ejection of a white jet
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Fig. 2. a) Details of Bondasca Valley head and terrain changes in response to the 2011 and 2017 Pizzo Cengalo rock avalanches. a) Site situation within Switzerland and the
Bondasca Valley. b) Glacier coverage and the stream network mapped on an orthophoto which shows Pizzo Cengalo and the upper Bondasca Valley before the 2011 and
2017  rock avalanches. Map  data: swissimage© 2019 swisstopo (5704000000). c) & d) Changes in surface elevation caused by the rock slope failures in 2011 and 2017. Map:
Swiss Map  Raster© 2019 swisstopo (5704 000 000). Red circles in a), b), c) and d): mountain hut Capanna di Sciora. The yellow triangles with a red outline in b), c) and d)
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Fig. 3. a) The Pizzo Cengalo NE face before the 2017 rock fall event and b) 6 h after the 2017 failure. The 2011 and 2017 release areas are outlined in red and orange, c) Zoom
t
2
s

i
o
d
2

o  the failure zone with the lateral release plane (red) corresponding to Set 1 structures a
 structures (orange) that form slope parallel release planes. d) Photograph 48 h after th
tructures at the lateral release plane.

ndicate the position from which terrestrial laser and radar measurements were carried o
r  erosion areas. The white arrow in sector 1a shows the position of the blowholes linked
istributions are differences of the Federal Office of Topography swisstopo (www.swisst
011  (Panel c) and 25 August 2017 - 30 August 2015 (Panel d).
nd Set 3 structures (blue) responsible for the primary toppling mechanics and Set
e main rock fall event. The water table can be inferred from water flow from Set 3

ut. The numbered areas with black outlines in d) define the individual deposition
 to the occurrence of geyser-like water fountains (Figure S3b). Erosion/deposition

opo.admin.ch) digital elevation models registered on 18 July 2012 - 26 September

http://www.swisstopo.admin.ch
http://www.swisstopo.admin.ch
http://www.swisstopo.admin.ch
http://www.swisstopo.admin.ch
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Fig. 4. Results of rock slope displacement monitoring acquired with a portable radar interferometer. Displacements in panels a, b, d – g are shown as interferograms. Each color
cycle  (e.g., fringe) represents an 8.72 mm displacement and is defined by the wavelength of the radar’s central frequency (e.g., 17.2 GHz). c, a phase-unwrapped displacement
m  into 

d ates a
P

o
t
r
t
a
o
a
g

ap,  scaled to ±3.0 mm.  The interferograms and displacement map were projected
isplacement data were extracted and plotted in panel h. h) yearly displacement r
2).  The date of catastrophic failure is shown by the dashed line.

f ice and/or water particles with a sub-vertical trajectory directed
owards the W-face of the Bügeleisen ridgeline (Fig. 3a). It was then
edirected along a NE trajectory down the Bondasca valley (e.g. in
he direction of the rock avalanche run-out Fig. 2). The ice jet was

irborne for approximately 8–9 s and the fall-out of the particles
ccurred along a distance of approximately 450–550 m mainly in
rea 1a (Fig. 2d). Our first-order approximation from video S1 sug-
ests a velocity of up to 70 m s−1 for the larger and faster particles on
a three-dimensional photogrammetric model for visualization. At points P1 and P2
t two  selected points extracted from interferograms between 2012–2017 (P1 and

the leading edge of the ice jet. A volume of 0.6 ± 0.1 × 106 m3 glacier
ice was removed by an undetermined combination of melting,
impact and erosion (for the volume estimation see Supplementary
information).
The cascade of events was recorded on nearby seismic stations,
and was equivalent to an earthquake of MI  3.0 (Fig. 5) as reported
by the Swiss Seismological Service. At distances exceeding 100 km,
seismic stations recorded a broadband signal between 0.005 and
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ig. 5. Spectrogram (top) derived from the ground-velocity seismogram (bottom) o
.44956; Figure S4). A first peak in amplitude occurs about 15–30 s after the first on
he  rock avalanche signal is followed by a sustained high-frequency debris flow tre

everal Hz (Fig. S5), allowing for a detailed reconstruction of the
ock avalanche run-out dynamics. Seismic energy above 1 Hz is
ssociated with inter-particle collisions and particle interaction
ith obstacles in the run-out path, whereas the lower frequencies

re caused by the force, which the rock avalanche’s bulk motion
xerts on the Earth’s surface (Ekström and Stark, 2013; Allstadt,
013; Allstadt et al., 2018, and references therein; see details in
ext S8).

Following Allstadt (2013), we invert the low frequency seismo-

rams (Text S8) for the underlying force history (Fig. 6). Upon initial
elease, the rock mass accelerates downward and eastward and the
lastic reaction (“rebound”) of Pizzo Cengalo is opposite, i.e. upward
nd westward (Phase A in Fig. 6). This likely overlapped with the
017 rock avalanche event recorded at the closet seismic station CH.VDL (46.48317,
 the signal, followed by a larger second peak at about 40–60 s. With a delay of 30 s,
ith initially elevated energy above 20 Hz for at least 200–300 s.

north-sloping glacier impact pushing the ground southward. The
mass then accelerates northward across the glacier, which results
in a further southward directed rebound force. Within a few tens
of seconds, the mass impacts the Bügeleisen ridgeline to the east of
the glacier. The ridgeline exerts a westward force on the rock mass
forcing it on a more northward trajectory. This implies an eastward
reaction force exerted by the rock mass on the ridgeline (Phase
B). During the final frictional slowdown, the rock mass pushes the
ground primarily north-northwest and downward (Phase C).
From the rock avalanche’s force history (Fig. 6) we calculate the
center of mass trajectory (Fig. 7; see Text S8 for details). The tra-
jectory bulges somewhat too far eastward than expected from the
valley shape. We  therefore interpret the trajectory with care confin-
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Fig. 6. Force history of the 2017 Pizzo Cengalo rock avalanche. Dashed lines rep-
resent uncertainty estimates. Green lines are the low-frequency (0.006 – 0.1 Hz)
seismograms from the nearest broadband station VDL (Figure S4). Blue solid line rep-
resents the calculated rock avalanche speeds along its trajectory with dashed lines
indicating uncertainties. The grey seismogram is the VDL record filtered between 1
and  5 Hz. Different trajectory phases discussed in the main text are labeled (A: mass
d
d
h

i
w

r
e
l
(
e
fi
m
t

a

Fig. 7. Rock avalanche trajectory from the force history calculation with center of
mass speed color coded. The two  green dots indicate speed maxima and the red
circle denotes the mountain hut Capanna di Sciora. As calculated rock avalanche
speed does not vanish at the end, the calculated trajectory was truncated.
etachment and glacier impact, B: impact with Bügeleisen ridgeline, C: final slow-
own). Vertical grey bars denote the manually picked onset and end of the force
istory.

ng a quantitative discussion to those aspects that can be explained
ith topographic features along the trajectory.

The first of the two avalanche’s speed maxima (Figs. 6C and 7) is
eached as the center of mass leaves the steep glacier portion and
nters flatter terrain (Fig. 2). The second maximum (Figs. 6C and 7)
ocates just behind the steep terrain step in the central runout area
Figs. 1 and 2). The rock avalanche’s high-frequency seismogram
xhibits two bursts separated by 20–30 s (Figs. 5 and 6) and the
rst burst is associated with the glacier impact before the first speed

aximum whereas the second high-frequency burst results from

he impact behind the downstream terrain step (Figs. 6C and 7).
The timing of high-frequency energy transmission and rock

valanche dynamics is consistent with previous studies: A delay
between the high-frequency seismic signal after the rock mass
detachment manifesting itself in the start of the force history can
be explained with progressive fragmentation of the rock mass
(Allstadt, 2013; Hibert et al., 2014]. Similarly, a correspondence of
high rock mass momentum and high-frequency seismic signals has
been observed for other events (Hibert et al., 2017). However, the
generation of the first high-frequency seismic burst of the Piz Cen-
galo event is likely also related to the collision with the Bügeleisen
ridgeline, constituting a topographical barrier (Hibert et al., 2014).

We use the temporal separation of the high-frequency bursts
(20–30 s) and the distance between the two ground impact
points along the trajectory (about 1200 m),  to estimate the rock
avalanche’s speed between the first and second impact points to
40–60 m s−1. This range of values is consistent with the average
speed (Fig. 6), calculated as follows: We integrate the speed time
series between the two  high-frequency bursts and divide it by the
time difference, which gives 44-64 m s−1. About 60 s after the first
impact the rock avalanche came to a stop with most of the debris
deposited in Area 3 (Fig. 2).

In our inversion of the low-frequency seismic signal the rock
avalanche’s force history is only constrained by seismic data. As
a consequence, those portions of the acceleration and deceleration
phases which happen slowly enough to suppress a measurable seis-
mic  signal (especially during the final slowdown), are not included
in the inverted force history and calculated trajectory. This explains
the non-vanishing final rock avalanche speed of 26 m/s  (Fig. 6)
calculated with our inverted force history. This problem could
be mitigated with the inversion algorithm of Ekström and Stark
(2013), which requires stationarity of the rock mass’ bulk momen-
tum. Moreover, such constrained inversions avoid spurious force
histories for band-limited seismic signals (Hibert et al., 2015).
For the Piz Cengalo event we  follow the unconstrained inversion
approach of Allstadt (2013) in order to elucidate dynamic details of
the rock avalanche and therefore maximize the bandwidth of the

inverted low-frequency seismic signals (Text S8).
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. From rock avalanche to remobilization of rock debris

Within 8.5 days, a series of 15 debris flows formed from the
eposits of the 2017 rock avalanche as documented by eye wit-
ess observations and seismic data from station VDL (personal
ommunication M.  Keiser, Canton Grisons, Fig. 5 and S4; Table
1). The events started nearly immediately after the 2017 rock
valanche. The exact number of individual events is somewhat
ubjective because it is sometimes not clear whether subsequent
urges belonged to the same debris flow. In fact, the first debris flow
as overtaken by the second debris flow.

By comparing digital elevation models (DEMs) we estimated
he volumes of the single debris flow events. As only four rele-
ant DEMs are available (30.08.2015, 25.08.2017, 30.08.2017 and
5.09.2017; Text S4) only cumulative volumes of successive debris
ows can be calculated. Volume estimates for single events relied
t least partially on indirect evidence. For example, the geometry
f the channel carved by a debris flow was used in its flow volume
alculation.

A large debris flow with an initial volume of approximately
.545 ± 0.05 × 106 m3 was initiated with a delay of approximately
0 s (Fig. 5; see Text S9) after the deposition of the rock avalanche.
his event was followed by ten debris flows within 9.5 h and
nother two  debris flows two days after rock avalanche deposi-
ion (Table S1). Notably, remobilization of the debris within these
wo days occurred in the absence of rainfall. A week after the rock
valanche, two debris flows occurred during precipitation on 31
ugust 2017.

Direct observations show that the first debris flow was  a highly
iscous, slow moving phenomenon. The initial velocity of the first
ebris flow was approximately 8 m/s  and can be reconstructed
rom the initiation time derived from the seismic data analysis and
he triggering time of the early warning system in “Prä” (Fig. 1)
t 09:35:36 UTC on 23 August 2017 (local time is UTC+2 h). The
ebris flow was first time seen and photographed at around 09:43
lose to the exit of the Bondasca valley, about 950 m downstream
f the early warning system. These observations suggest an aver-
ge velocity of 2 m/s. Eye witnesses reported that the debris flow
as moving below walking speed when it arrived at the old bridge

t 09:48 (average velocity around 0.4 m/s) and it was overtaken by
he following debris flow (Table S1). This first debris flow destroyed
leven stables and vacation homes in the Bondasca valley (Fig. 1 and
able S1 in the Supplementary information).

Approximately one hour after the rock avalanche, helicopter-
orne observations of a distinct channel in the rock avalanche
eposition indicate that the first debris flow originated from Area 3
Fig. 2d). This first event has a typical debris flow seismogram show-
ng a sustained tremor after the rock avalanche signal with high
requencies up to 50 Hz (Fig. 5) (Allstadt et al., 2018). In the spec-
rogram (Figs. 5 and S7) the signal mostly resides below 10 Hz and
owards its beginning seismicity between 15 and 50 Hz is elevated
or 3–4 minutes. A spectral gap above 10 Hz (“delay” in Figs. 5 and
7) clearly separates the rock avalanche seismogram from this ini-
iation signal (Text S9). This shows that the first debris flow formed
ith a delay of around 30 s after the rock avalanche was  deposited

Fig. 5, Table S1). Observations from the helicopter show 12 addi-
ional debris flows on 23 and 25 August that reached the retention
asin in Bondo (Table S1 and Fig. 1). In contrast to the first debris
ow they had a lower viscosity and were initiated from Area 1a
Fig. 2d).

The total volume of the ten debris flows following the first major
ne on 23 August 2017 was 2.20–2.3 × 105 m3. The first eight debris

ows did not cause damage in the village of Bondo, but successively
lled the debris flow retention basin. Subsequent debris flows over-
opped the retention basin and damaged the cantonal road and
ouses in the village of Bondo. The total volume of debris flows
orphology 351 (2020) 106933 9

reaching Bondo on 25 August 2017 was 7.0-8.5 × 104 m3. The trans-
ported debris again overtopped the retention basin and areas of
Bondo were overrun, causing further damage. None of the debris
flows caused human casualties. Finally, on 31 August heavy precip-
itation triggered two  debris flows with total volumes of between
2.6 and 2.85 × 105 m3.

6. Discussion

Our observations reveal the following details about the 2017
rock avalanche:

1 Detachment: Rock bridge failure lead to enhanced displacement
rates and a critical stability state in the Pizzo Cengalo’s NE rock
face (Figs. 3 and 4). Ice wedging may  have contributed to rock
bridge failure.

2 Dynamics: The rock avalanche was constrained by ridgelines,
slope breaks and other topographical features (Fig. 6), it eroded
ca. 0.6 × 106 m3 of glacial ice (Fig. S2) and produced deposits that
covered those of the 2011 rock avalanche and other pre-existing
valley fills such as moraines and alluvial fans (Fig. 2).

3 Immediate debris flows: Within half a minute to several days
after the 2017 rock avalanche, a series of 15 debris flows were
mobilized in deposits above and below the terrain step along the
rock avalanche’s runout path (Fig. 2, Table S1), most of them in
the absence of precipitation.

We now address the key question about what caused the high
mobility of the 2017 rock avalanche deposits leading to near-
immediate formation of the first debris flow in Area 3 (Fig. 2), a
terrain inclined only moderately at around 13◦ (Fig. 1).

The initiation of debris flows requires relatively high water con-
tent (e.g. Johnson and Sitar, 1990). A puzzling question in this case
is: Where did the water come from to mobilize the debris flows
in the absence of precipitation? The water content in the rock
slope is volumetrically negligible, and the pore spaces within the
disintegrated rock avalanche material are essentially dry. Further-
more, volume expansion as the rock mass disintegrates prohibits
pore pressure increase during the dynamic flow (Hungr and Evans,
2004).

The rock avalanche eroded 6.0 × 105 m3 of glacier ice. Much of
this mass likely melted immediately upon rock avalanche impact
and during subsequent transport within the rock avalanche. This
is supported by accounts of rescue teams searching for the eight
missing hikers, hours after the event, who did not report any ice in
the deposits (personal communication M.  Keiser, Canton Grisons).
However, the observed ice/water jet, formed by the initial impact
on the glacier (supplemental video), shows that not all of the glacier
ice was  entrained at the moving front of the rock avalanche: Com-
paring the average rock avalanche speed calculated from the low
frequency seismicity (44–64 m s−1, Section 4) with the speed of
the fastest ice jet particles (70 m s−1, Section 4) suggests that the
majority of jet ice, which moved much slower than its front, was
strewn across the upper surface of the rock avalanche where it sub-
sequently melted and contributed to a higher water content in the
deposited rock avalanche debris, thus contributing to its mobility
(Area 3 in Fig. 2).

Apart from the lost glacier ice, Fig. 2 shows a distinct pat-
tern of material erosion and deposition during the 2017 rock
avalanche: Above the topographic step, debris was deposited in
Area 1 between the toe of the Pizzo Cengalo and the Bondasca

moraine to the East (Fig. 2). Between Areas 1 and 3, in Area 2,
erosion and thus entrainment of sediments occurred during the
rock avalanche run-out (Fig. 2). We  focus on areas showing depo-
sition in 2011 and erosion in 2017 to specifically quantify the
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mount of entrained material from the 2011 deposit in the 2017
ock avalanche. DEM differences (Fig. 2) show that thickness of the
011 deposits locally exceeded 10 m and at least 6.65 × 105 m3 of
hese deposits were eroded and entrained by the 2017 event.

In addition to the entrainment of 6.65 × 105 m3 of the 2011 rock
valanche deposit, DEM differencing yields some 2.0 × 105 m3 of
ther sediments that have been entrained along the run-out path.
hese estimates are subject to large uncertainties because the addi-
ional sediments were covered by vegetation before the 2017 rock
valanche. Our estimate of the total entrainment volume ranges
etween 8.0 and 9.0 × 105 m3 and is considered a lower bound
ecause sediment replacement cannot be excluded. Our analysis
hows that entrainment occurred to some extent in Area 1 but
ainly in Area 2 (Fig. 2d). Consequently, deposits in Area 3, where

he first debris flow was initiated, included much of the 2011
eposits.

Quantitative studies (e.g. Hungr and Evans, 2004; Mangeney
t al., 2007, Crosta et al. 2009, Aaron et al., 2019) suggest that
ntrainment of saturated sediments along the rock avalanche
un-out path can enhance the rock avalanche mobility. The rock
valanche mobility is commonly expressed by the index H/L (i.e.
he ratio of fall height to horizontal travel distance). Interestingly,
he H/L ratio for the 2017 Pizzo Cengalo rock avalanche, with a fall
eight of H = 1.7 km and a horizontal travel distance of L =3.3 km to
he most distal point of Area 3 is 0.53. This H/L ratio is within the
ange of rock avalanches of similar volumes in non-glaciated areas,
ith negligible sediment entrainment (Hungr and Evans, 2004;

osio et al., 2012), and close to a value of 0.6 for dry, fragmented
ock, as suggested by Heim (1932). Thus, the H/L ratio indicates that
ntrainment did not significantly enhance the mobility of the rock
valanche that came to a halt in Area 3, 30 s before the first debris
ow was initiated, as shown by the seismic frequency signature
Text S9, Fig. S7). We  propose, however, that the water content of
he entrained sediments was a critical factor in the deposit mobil-
ty contributing to the initiation of debris flows in the absence of
recipitation.

The surface hydrology prior to the 2017 event (Fig. 2) shows
hat melt water from the Bondasca glacier drained through the pre-
xisting sediments (including the 2011 deposits) which were likely
aturated at the time of the 2017 rock avalanche. Once entrained
n the 2017 rock avalanche, these sediments provided a major
ource of water. Unlike the entrainment of glacier ice, which at
east partially occurred behind the rock avalanche front, much of
he saturated sediments were entrained in Area 2 and deposited in
rea 3, where the first debris flow initiated.

The first-hand accounts of climbers who coincidentally wit-
essed the event, reported that in Area 1a (Fig. 2), geyser-like
ater fountains (blowouts) occurred 25 and 40 min  after the rock

valanche (Fig. S3). The climbers reported two explosive and clearly
udible water fountains with an estimated height of a few meters.
he remnants of the blowouts were located later in the field by the
uthors (location shown by an arrow in Fig. 2d). Hours later res-
ue teams reported saturated mud  holes adjacent to solid debris
eposits along the margins of Area 3 (Fig. 2), which persisted for
any days after the event. These observations not only corroborate

he presence of water in the 2017 deposits, but also suggest that this
ater was pressurized and may  have diffused to the earth surface
here it formed mud  holes. We  hypothesize that dynamic load-

ng upon impact (Hutchinson and Bahndari, 1971; Bovis and Dagg,
992; Hungr an Evans, 2004) induced the excess pore pressures,
hich persisted hours to days as a result of low pressure dissipa-

ion rates (e.g. Major and Iverson, 1999, and references therein). The

esulting mobility of the debris material is also supported by direct
bservations of the initiation of debris flows from Area 1a (Table
1): Shallow-seated mechanical instability within the debris led to

 progressive volume increase of moving debris and eventually to
orphology 351 (2020) 106933

the formation of debris flows. Further, all twelve debris flow events
from Area 1a initiated from debris that covered the pre-existing
main drainage path of the Bondasca glacier outflow stream (Fig. 2d).
The mobility of the debris material was thus additionally enhanced
by a continuous sub-surface water supply.

Our hypothesis of entrainment and dynamic loading of water
saturated sediments explains why in contrast to the 2017 event,
the 2011 rock avalanche was  not directly followed by debris flows.
Instead, remobilization of the rock avalanche deposit did not occur
until six to nine months after the event, in response to heavy
summer rainfall in 2012 (Baer et al., 2017). Aerial photographs
taken on 26 September 2011 before the 2011 rock avalanche show
that the distribution of the sediments in the Bondasca valley was
significantly smaller and a greater area of bedrock surfaces was
exposed (Fig. 2b). The impact of the failed rock mass eroded only
∼0.1 × 106 m3 of glacier ice (Text S6) and since the 2011 event
occurred in winter, runoff from the Bondasca glacier was negligible.
Sediments along the run-out path and in the deposits were there-
fore likely unsaturated in 2011. The differing mobility between
the 2011 and 2017 deposits is in line with laboratory experiments
of water-saturated granular flows (Iverson et al., 2011): For flows
overriding wet sediments there exists a positive feedback between
entrainment and momentum. For flows overriding dry sediments
this feedback is negative. Consequently, entrained dry material
tends to reduce the run-out distance whereas entrainment of sat-
urated debris can enhance the mobility of the debris (Abele, 1997;
Crosta et al., 2009).

From this comparison we recognize that two pre-existing fac-
tors played a critical role in the 2017 hazard cascade that ranged
from rock wall failure over rock avalanche propagation to ensu-
ing debris flows: 1) The landscape was covered with sufficient
sediments from the 2011 rock avalanche, and 2) the pre-existing
sediments were saturated with summer melt water from the Bon-
dasca glacier and by intense rainfall during thunderstorms in July
and August 2017.

7. Conclusions

This investigation presents a unique opportunity to study a cas-
cade of Alpine mass movement processes. Favored by permafrost
conditions, a 3.0 × 106 m3 rock mass catastrophically failed at the
Pizzo Cengalo NE rock face producing a major rock avalanche in fall
2017. Inversion of seismic broadband data yields a force history,
which describes dynamic details of the rock avalanche’s center of
mass trajectory that agrees well with local topographic features like
a constraining lateral ridgeline and topographic steps.

Our observations suggest that entrainment and dynamic load-
ing of water saturated sediments may have been dominant factors
in the hazard cascade. They did not increase the reach of the
2017 rock avalanche compared to typical non-entraining rock
avalanches. However, entrainment of water saturated sediments
and the hypothesized dynamic loading may  explain the high
deposit mobility that caused debris flows nearly immediately after
the rock avalanche deposition and in absence of any precipita-
tion. This is in contrast to the 2011 rock avalanche. In 2011 less
sediments covered the rock avalanche run-out path which ren-
ders entrainment less likely. In addition, the sediments were likely
not saturated since the event occurred in winter time with only
minimal water run-off from the Bondasca glacier. Saturated sedi-
ment entrainment was thus likely the pivotal factor in debris flow
production following the 2017 rock avalanche.
The study elucidates the importance of investigating conditions
along a rock avalanche runout path when forecasting or assessing
hazardous Alpine mass movements. Focusing on conditions in the
release zone, only, when estimating timing, volume and runout dis-
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ances of rock collapses and ensuing debris flows is insufficient to
ully grasp the potential hazard chain downslope, as was shown in
he 2017 Pizzo Cengalo event.
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