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Abstract

The present time is a significant stage in the adjustment of mountain slopes to climate change and specifically
atmospheric warming. This review examines the state of understanding of the responses of mid-latitude alpine
landscapes to recent cryospheric change and summarizes the variety and complexity of documented landscape
responses involving glaciers, moraines, rock and debris slopes, and rock glaciers. These indicate how a common
general forcing translates into varied site-specific slope responses according to material structures and properties,
thermal and hydrological environments, process rates, and prior slope histories. Warming of permafrost in rock and
debris slopes has demonstrably increased instability, manifest as rock glacier acceleration, rockfalls, debris flows, and
related phenomena. Changes in glacier geometry influence stress fields in rock and debris slopes, and some failures
appear to be accelerating toward catastrophic failure. Several sites now require expensive monitoring and modeling to
design effective risk-reduction strategies, especially where new lakes form and multiply hazard po- tential, and new
activities and infrastructure are developed.

15.1 Introduction

Processes resulting from the instability of steep slopes are often compounded by the effects of the changing
cryosphere: High-mountain slopes are frequently characterized by ice and firn cover. Less visible, but not
less common, is the presence of permafrost: subsurface material with a temperature below 0°C during at
least two consecutive years, which likely contains ice. In contrast to the well- studied relationship between
rock-slope instability and glacier retreat (cf. Ballantyne, 2002), the effects of permafrost and its dynamics on
bedrock slope stability are a more recent field of research (Gruber and Haeberli, 2007).

Cryosphere changes have been documented for historic and Holocene times. Since the termination of the
Little Ice Age (LIA), the extent of mountain glaciers has decreased worldwide, with an accel- eration of their
shrinkage during recent decades in relation to the increase in mean air temperature. Glaciers in the
European Alps have lost 35% of their total area from 1850 until 1975, and almost 50% by 2000 (Zemp et al.,
2006), while historically unprecedented global glacier decline in the early 21st century (Zemp et al., 2015) is
currently exposing more rock and debris slopes at the terrain surface.



The Summary for Policymakers of the IPCC Special Report on the Ocean and Cryosphere in a Chang- ing
Climate (2019) underscores the importance and policy relevance of slope instability related to ice loss from
glaciers and permafrost. Based on its chapter on “High Mountain Areas” (Hock et al., 2019), the assessment
finds that permafrost thaw and glacier retreat have decreased the stability of high-mountain slopes and are
projected to further decrease the stability of the terrain. Corresponding events are projected to occur in new
locations and to increase the risk for infrastructure, cultural, tourism, and recreational assets. Because
climate change impacts in the cryosphere and their societal consequences operate on time horizons, which
are longer than those of governance arrangements, the ability of societies to adequately prepare for and
respond to long-term cryosphere changes is challenged. Here, scientific research and coordinated
monitoring can contribute to empowering forward-looking decision making.

Monitoring of ground temperature in debris slopes started in the 1970s (Marchenko et al., 2007) and was
extended to bedrock slopes in the 1990s. These measurements allow investigating multi-year trends and
seasonal variations in the permafrost (PERMOS, 2013). Similarly, strong seasonal and multi-annual
fluctuations and longer term acceleration of rock-glacier creep have been observed during the last two
decades (Delaloye et al., 2008; Hartl et al., 2016; PERMOS, 2019). An apparent increase in slope fail- ures
in steep rockwalls observed over recent decades in the European Alps (Ravanel and Deline, 2008, 2011;
Allen and Huggel, 2013) also suggests the current degradation of the permafrost.

Due to the high potential energy inherent in steep environments and the possibility of compound events, the
consequences of slope instability can be far-reaching. Such events can have devastating consequences, as
illustrated by the dramatic Kolka-Karmadon ice-rock avalanche triggered in Septem- ber 2002 in the
Caucasus (Haeberli et al., 2004; Evans et al., 2009). Lake formation due to glacier shrinkage, and expanding
human activities are further increasing the risks (cf. Schaub et al., 2013; Haeberli et al., 2016, 2017).

Slope instability and mass movements, in general and when related to ice loss, occur at a wide range of
magnitudes and frequencies. This chapter focuses on less-frequent events that often have larger mag-
nitudes and are (or can be) tied to the unprecedented ice loss during recent decades. Often, these events
are also less understood than the more frequent ones.

This chapter describes the consequences of the loss of perennial ice, at the surface and in the sub- surface,
rather than processes related to seasonal change. It has been compiled and edited by P. Deline and S.
Gruber and represents a joint effort of 17 authors contributing their specific expertise. It is struc- tured in two
parts: The first revisits the mechanisms of cryosphere control on slope stability, dealing with instabilities in
hanging glaciers (J. Failletaz, L. Fischer), debuttressing and ice unloading (S. McColl), and thermal and
hydrologic changes in bedrock (A. Hasler, M. Krautblatter and S. Weber) and sediments (R. Delaloye); the
second part illustrates the relationship between ice loss and slope instability with case studies, organized
partly by mechanism and partly by morphology. Concerning
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bedrock slopes, case studies are presented on the Monte Rosa East face (L. Fischer), and rockfalls from
rockwalls in the Mont Blanc massif where permafrost is modeled (F. Magnin and L. Ravanel). Rela- tions
between debuttressing and rock instability or deformation are illustrated by cases in the Mont Blanc massif
(L. Ravanel), British Columbia and Alaska ranges (M. Geertsema), Mueller Glacier, New Zealand (S.
McColl), at Alp B€aregg, Switzerland (P. Deline), and Mont de la Saxe, Italy (M. Giar- dino). Concerning
debris slopes, the processes (sliding, gullying, and breaching) that impact the mo- raine stability because of
glacier shrinkage are described (P. Deline and M. Kirkbride). Rock-glacier displacement changes, ground-ice
melting, and debris supply from permafrost areas are exposed through several Alpine case studies (X.
Bodin, R. Delaloye and P. Schoeneich). Finally, case studies exemplify interactions between differing



processes, which translate cryospheric change into far- reaching and difficult-to-forecast events (F. Amann,
P. Deline and M. Geertsema). A synopsis and an outlook on likely future challenges conclude this chapter.

15.2 Mechanisms of cryosphere control on slope stability

15.2.1 Unstable ice

Changes in the thermal regime and geometry of steep glaciers can impact the stability of glaciers and lead to
ice avalanches (Fig. 15.1). The periodic or occasional breakoff of moderate volumes of ice is a common and
predictable (Faillettaz et al., 2016) part of the mass balance of many hanging glaciers (Pralong and Funk,
2006). This section focuses on unusual instabilities and their relationship with changing temperature and
topography.

Three general conditions of glacier instabilities can be distinguished based on the thermal properties at the
ice/bedrock contact (Faillettaz et al., 2015): (1) cold-based glaciers frozen to the bedrock; (2) polythermal
glaciers stabilized by the cold ice frozen to the bedrock in the frontal and lateral parts; and (3) temperate
glaciers sliding on bedrock. The thermal state of the ice is related to the glacier lo- cation, aspect, and
elevation (R€othlisberger, 1981; Alean, 1985; Faillettaz et al., 2012). The factors affecting the stability of
steep ice and glaciers include en- and subglacial hydrology, support from flat- ter downslope glacier parts
and lateral bedrock abutments, adhesion of cold and polythermal ice on bedrock, and cohesion with more
stable upslope ice (R€othlisberger, 1981; Alean, 1985; Wagner, 1996; Haeberli et al., 1999; Pralong, 2005;
Faillettaz et al., 2015).

Climate trends may introduce feedback mechanisms involving changes in englacial and subglacial
temperature, water infiltration, accumulation rate, and surface geometry. Such changes may reduce the
stability of parts of, or the entire, steep glacier (Wegmann et al., 1998; Pralong and Funk, 2006; Fischer et
al., 2013). Atmospheric warming affects the hydraulic conditions of the ice and increases the pro- portion of
temperate ice in steep high-mountain faces. Rising temperature increases flow velocities and sliding
processes within the ice mass and at the glacier bed, causing a changed stress field in the glacier.
Furthermore, the tensile strength of the warmed and water-containing ice is reduced (Haeberli et al., 1997,
1999). Forced by atmospheric warming, melting can occur at higher elevation, where increased infiltration of
meltwater through firn and ice may lead to basal warming and cause a decrease in the effective basal
pressure and friction at the glacier bed (Pralong, 2005; Faillettaz et al., 2011).

Changes in glacier geometry and the surrounding topography can influence ice stability. A retreat of the
glacier terminus from a moderate into a steep slope (e.g., due to an ice avalanche from the frontal part or a
decoupling from a valley glacier) can change the stress field within the glacier and may lead to in- stability.
Rockfalls or debris flows can lead to a destabilization of hanging glaciers when decreasing the
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FIG. 15.1

The deposit of the ice avalanche from the front of the Allalingletscher (Swiss Alps) after the 1 Mms event on July 31,
2000.

Photograph: archive VAW.

lateral or downslope abutments (Fischer et al., 2011, 2013). Finally, the thickness and mass of a steep
glacier are limited for a given slope gradient and thermal regime, as they affect the shear stresses deter-
mining stability (Pralong, 2005). As a consequence, additional load from mass-movement deposits can
trigger an ice failure when the basal shear resistance or tensile strength is exceeded (Fischer et al., 2013).



Driven by climate change, these factors and processes might lead to large instabilities in steep ice not only at
locations with known events (e.g., Alean, 1985; Pralong, 2005) but also at locations without precedence for
such events. Although some presently hazardous glaciers will become harmless in the near future because
of their retreat, others may evolve toward a critical situation and become danger- ous. A timely identification
of such newly developing critical situations represents a challenge in haz- ard assessment.

15.2.2 Glacial debuttressing and unloading

Aside from creating a void into which slope failures can freely move, the thinning and retreat of glaciers can
destabilize slopes through: (1) glacial debuttressing; (2) thermo-mechanical damage; and (3) crustal rebound
(McColl, 2012).
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Glacial debuttressing refers to the loss of mechanical slope support provided by glacial ice, an ef- fect that
diminishes as glaciers thin, warm, or experience a rise in groundwater (McColl and Davies, 2012). For rock
slopes, where glacial erosion changes the slope geometry (notably glacial oversteepen- ing, sensu
Augustinus, 1995), debuttressing can weaken the slope, possibly initiating failure synchro- nously with ice
retreat (McColl and Davies, 2012) and involving failure of the remaining buttressing ice (e.g., the 1975
Devastation Glacier rock avalanche; Evans and Clague, 1988). More often, rock slopes may fail long after
ice retreat (McColl, 2012). Rock-slope response may be large and cata- strophic failure, adjustment through
smaller rockfalls, or more gradual as gravitational deformation. For moraines or drift-covered slopes that are
constructed against the glacier body, glacier thinning in- duces an immediate slope adjustment through
deformation or sliding (Blair, 1994; Hugenholiz et al., 2008). The slopes may continue to adjust through other
mass-wasting processes once ice has retreated (e.g., Ballantyne and Benn, 1994; Draebing and Eichel,
2018), with deformation prolonged where ice- cored moraines thaw (Ravanel et al., 2018). Sometimes,
debuttressing may induce the simultaneous failure of rock and sediment, as has been observed alongside
the thinning Tasman Glacier in New Zeal- and (Blair, 1994; Fig. 15.2). Whatever the material, debuttressed
slopes will continue to adjust until they reach a new strength-equilibrium independent of ice support.

Thermomechanical damage to rock slopes during the cycles of varying glacier cover is another pre- paratory
factor for their failure. The removal of confining rock or ice overburden from glacial erosion or glacier retreat,
or cycles of ice loading and unloading, can induce damage to rock (Nichols Jr., 1980; Gr€amiger et al., 2017)
and propagate fractures. Further, paraglacial thermal shock, as glacier retreat exposes rock to new thermal
regimes, may further enhance rock damage (Gr€amiger et al., 2018). This damage may weaken rock slopes,
and coalescing fractures may act as potential failure surfaces for mass

FIG. 15.2

Downwasting of the Tasman Glacier, Southern Alps, New Zealand, since the Little Ice Age has exposed and unloaded
the lateral moraine wall and the rockslope behind. The moraine has responded by a combination of shallow failures and
sliding, damaging and threatening huts constructed on it. Scarps showing vertical displacements are visible in both
moraine and rockslope.

Photograph: S. Winkler.
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movements. A spatial coincidence between rock slope failures and locations experiencing damage or high
stress changes (Cossart et al., 2008; Jarman and Harrison, 2019) provides support for this idea, and the
time-dependent nature of damage accumulation may explain the lag-time of some post-glacial rock slope
failures (Ballantyne et al., 2014a).



The unloading associated with melting glacial ice can cause larger scale crustal rebound via iso- static and
elastic flexural adjustment. Its timescale depends on the rheological properties of the upper mantle and
strength of the crust, and it may continue for tens of thousands of years (Stewart et al., 2000). In some
locations, isostatic uplift in the order of hundreds of meters has occurred during the Holocene, and
differential uplift and changes to stress-fields around faults is sufficient to cause coseis- mic faulting
(Arvidsson, 1996; Hampel et al., 2010). Spatial and temporal links between glacial re- bound and slope
instability have been documented (Sanchez et al., 2010; Cossart et al., 2013), providing a further explanation
for lag-times between ice-retreat and mass movement activity (Ballantyne et al., 2014b).

15.2.3 Bedrock permafrost: Thermal and hydrologic change

Permafrost affects the hydrological and mechanical behavior of the naturally fractured bedrock. Water can
freeze in cavities and fissures at 0°C, whereas the freezing point in the pore systemis at 0.1°C to 1.5°C in
water-saturated, tough (low-porosity) alpine and arctic bedrock (Krautblatter et al., 2010; Draebing and
Krautblatter, 2012). Rock temperature change and water percolation in the cold-fractured rock may be
accompanied by latent heat exchange, leading to altered hydraulic permeability, mechan- ical strength, and
stress fields.

Pore diameter, ion concentration in pore water, and pressure control the proportion of unfrozen wa- ter in
bedrock at temperatures below 0°C (Krautblatter, 2009; cf. Watanabe and Mizoguchi, 2002). As a
consequence, the hydraulic permeability of compact rock (interjoint rock mass) changes gradually be- low
the freezing point (Kleinberg and Griffin, 2005). In this temperature range, crack initiation and ice- lens
formation are expected to occur where the cryogenic stresses exceed rock strength and overburden. For
porous chalk, ice segregation has been illustrated in the laboratory (Murton et al., 2006, 2016) whereas
acoustic emissions measured in metamorphic alpine bedrock indicate frost-cracking activity significantly
below 0°C (Girard et al., 2013).

Hydrology is mainly controlled by the permeability of the fracture system. Pogrebiskiy and Chernyshev
(1977) found that the permeability of frozen fissured granite is one to three orders of magnitude lower than
the permeability of identical thawed rock. Hence, saturated fractured bedrock permafrost acts as an
aquiclude and can support perched water tables. Even though the observations of ice-saturated fractures in
bedrock exist (cf. Gruber and Haeberli, 2007), unfrozen fracture systems (micro-taliks) can lead water deeply
into frozen systems (Tang and Wang, 2006; Haeberli and Gruber, 2008). Water flowing into permafrost can
warm fractures at depth and is unlikely to freeze in subsur- face channels if not impounded (Hasler et al.,
2011a). This effect may be reduced where basal ice layers between snow and rock impede the percolation of
snowmelt into fractures (Phillips et al., 2016). The heating of water at the surface, for example, on warm
rock, prior to percolation is important for the thermal erosion of ice within rock fractures, a process that may
be tracked with ambient seismic vi- bration measurements (Weber et al., 2018).

The mechanical strength of bedrock permafrost and the subsurface stress field change with tem- perature
and hydraulic conditions. The stress changes due to cryostatic and hydrostatic pressures and
thermomechanical forcing. Increased cryostatic pressures up to a few MPa can derive from ice,
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whereas volume expansion of (fast-) freezing trapped water may cause larger stresses that decline rapidly
due to ice extrusion (Matsuoka and Murton, 2008). Hydrostatic pressure can derive from perched
groundwater blocked by impermeable rock (Fischer et al., 2010) or from meltwater input into fractured
bedrock with limited permeability. It can reduce the friction at a potential failure plane via effective stress or
increase gravitational, down-slope forces. Thermal expansion and contraction cause stress change and



movement in fractured bedrock (Gischig et al., 2011; Luethi et al., 2015). Changing rock- and ice-mechanical
strength affects the macroscopic strength of intact bedrock and rock-ice interfaces, and the deformation of
ice in fractures (Krautblatter et al., 2013). In intact rock, fracture initiation thresholds and friction within the
rough fractures decrease when thawing (Mellor, 1973; Dwivedi et al., 2000). Along the rock-ice interfaces,
fracturing is facilitated by increasing tem- peratures. Similarly, the deformability and fracturing of ice are also
temperature-dependent (Sanderson, 1988; Budd and Jacka, 1989). A comprehensive criterion for ice-filled
rock joints by Mamot et al. (2018) demonstrated that both warming and unloading lead to a significant drop in
shear resistance, possibly resulting in self-reinforced propagation of slope failure (Fig. 15.3). All these pro-
cesses work effectively for different stress levels and deformation velocities. Ice-filled fractures with less than
20-m rock overburden are likely to be more affected by ice mechanics, whereas for higher rock overburden,
rock mechanical changes upon thaw become more relevant (Krautblatter et al., 2013). Thus, rockfall of lower
magnitude is more prone to be affected by ice-mechanical changes, whereas slow deformation and rockfall
with high magnitude is more likely to be affected by rock- mechanical changes. Although shallow stress
changes tend to represent more short-term reactions (except ice segregation) to particular meteorological
events and annual extremes, deep-seated strength changes all predict a stability reduction with increased
rock temperature. It is also significant to consider that over timescales of years to thousands of years, rock
strength degrades due to sub- critical fracture propagation (Kemeny, 2003; Voigtl€ander et al., 2018) as well
as repeated freeze- thaw cycles ( Jia et al., 2015).

Electrical resistivity tomography (Krautblatter and Hauck, 2007; Magnin et al., 2015a) and refraction seismic
tomography (Draebing and Krautblatter, 2012; Krautblatter and Draebing, 2014) have demonstrated their
capability to monitor frozen rock distribution in bedrock, both in the labora- tory and in the field, and assess
unfrozen water content (Hauck, 2013), and may even differentiate ther- mal conditions in permafrost
(Krautblatter et al., 2010). Capacitive resitivity imaging and polarization tomography are tested for future
applications (Murton et al., 2016; Coperey et al., 2019).

Different explanations for the role of liquid water for rock instability exist. One hypothesis is that hydrostatic
pressures due to the sealing of rock surfaces by ice may play a vital part in the destabili- zation of rock
slopes (Terzaghi, 1962), as illustrated by coupled hydro-mechanical modeling of the Tschierva rock
avalanche by Fischer and Huggel (2008). Another is that hydrothermal heat transport causes warming at
depth and corresponding strength reductions (Hasler et al., 2012), which is sup- ported by field data (\WWeber
et al., 2019). A study in Norway concluded that the primary control for the deformation process was
meltwater percolation into fractures during summer, with refreezing, ice formation, and temperature increase
in the lower part of the fractures from 1°C to 0°C (Blikra and Christiansen, 2014).

Permafrost degradation can occur on different scales in time and space. For example, extreme sum- mer or
disappearance of thin ice cover leads to thicker active layers with fast (seasonal) reactions and small events.
On the other hand, the effect of decadal-scale atmospheric warming is delayed at deep- seated potential
failure planes even in steep topography where signal propagation is faster due to warm- ing penetrating the
rock mass from opposing faces (Noetzli and Gruber, 2009).
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FIG. 15.3

Progressive failure in a warming permafrost rock slope displaying thermal and normal stress conditions before and after
detachment of a first slab (Mamot et al., 2018). Both can initiate failure: (B2) progressive thermal warming (i.e.,
permafrost degradation) occurs within years, but (B1) sudden unloading develops even faster within days.
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15.2.4 Debris permafrost: Hydrological and thermal change

Thermal and hydrological conditions in frozen accumulations of coarse debris are primarily responding to the
shifts in temperature occurring at the ground surface. An increased temperature thereby induces a thickening
of the active layer, which is also controlled by the ice content in the upper permafrost layer (Scherler et al.,
2013). In the Swiss Alps, for permafrost conditions close to 0°C, the active-layer thick- ness in debris terrain
remains almost constant at some sites but has increased by up to 10 cm year1 over the last 15-20 years at
others (Zenklusen Mutter and Phillips, 2012a; PERMOS, 2019). A thicker active layer induces changes in the
supra-permafrost water circulation: Drainage through the active layer in- creases in autumn along with thaw
depth (Buchli et al., 2013). In steep terrain, mass movements can start from the base of, or from within, the
active layer whose thickness determines the volume of avail- able loose material. Frozen ground at depth
limits the retrogressive erosion and therefore the magnitude of an event, but it can also favor the triggering of
the mass movement by acting as an aquiclude (Fig. 15.4).

The warming of permafrost favors water percolation and talik formation (Zenklusen Mutter and Phillips,
2012b). During warming, the unfrozen water content in frozen ground increases and, if the water is not
drained, the mechanical strength of frozen, and especially the ice-rich, ground decreases (Arenson et al.,
2007). As a consequence, the permafrost creep rate increases nonlinearly, accelerating significantly when
the temperature is approaching 0°C (K€a€ab et al., 2007; Staub et al., 2016); under cooling conditions, the
response is reversed. Interannual variations in the displacement rate of rock glaciers are almost synchronous
and similar in range in a given region (Delaloye et al., 2008; PERMOS, 2019). Destabilization of rock glaciers
with strong acceleration has been reported

FIG. 15.4

Left: ground ice exposure (dark grey) in the starting zone of a 4000-ms rockfall at the front of a deep-seated slide in
permafrost conditions, Grabengufer, Swiss Alps, September 2010; Right: ongoing regressive erosion scar produced by a
series of debris flows triggered at the front of an active rock glacier, likely due to the limitation of snowmelt percolation by
the frozen ground, Gugla-Bielzug, Swiss Alps, June 2013. The exposed ground ice started to melt for weeks to years
after both events.

Photographs: R. Delaloye.
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(see Section 15.3.5 Debris slopes), and in most cases, the onset appears to be in direct response to warmer
conditions (e.g., Delaloye et al., 2013; Eriksen et al., 2018; Marcer et al., 2019).

When a coarse debris layer is permeable, air circulation is favored (Delaloye and Lambiel, 2005) and its
efficiency increases with reduced sealing of voids by ice. The so-called chimney effect (air ad- vection)
occurs in talus slopes and coarse-grained rock glaciers (Morard et al., 2008). It contributes to preserving cold
ground conditions, particularly in the lower and deeper parts of the affected landforms, especially by the
aspiration of cold air deep into the terrain in wintertime, while heat is expelled toward the upper part of the
landform. Ground ice could thus be formed or preserved in inactive rock glaciers, and talus slopes under
climatic conditions are unfavorable for permafrost formation in differing configurations.

15.3 Case studies
15.3.1 Bedrock slopes: Hanging glaciers and permafrost
15.3.1.1 Dynamics of hanging glaciers on the Monte Rosa east face

The Monte Rosa east face is a prominent example of dramatic changes in hanging glaciers, including large
ice avalanches. Extending from 2200 m to >4600 m a.s.l., large sections are covered by hanging glaciers,



firn fields, and steep glaciers connected downslope to the more gently sloping valley glaciers. Between the
end of the LIA and the 1980s, the hanging glaciers and firn fields have changed only slightly (Fischer et al.,
2011). Around the beginning of the 21st century, however, the ice cover has experienced an accelerated loss
in extent and thickness (Haeberli et al., 2002; KE€a€ab et al., 2004; Fischer et al., 2006, 2011), leaving large
parts of the underlying rock unprotected against mechanical and thermal erosion (cf. Noetzli et al., 2003).
Since around 1990, the events of frequent small- and several large-volume ice and rock avalanches and
debris flows have led to a significant reduction in the ice-covered area. The total material loss in the face was
around 25 Mms3 from 1988 to 2007, both from steep glaciers and from subjacent bedrock.

The measured englacial temperatures at the Colle Gnifetti site, located directly above the east face, show
cold ice throughout, with a mean annual surface temperature near 14°C and basal ice at a depth of 124 m
slightly below 12°C (Haeberli and Funk, 1991; Hoelzle et al., 2011). The terminus of the largest steep glacier
has long been at 3300m a.s.l., an elevation close to the lower boundary of the modeled permafrost
conditions (Fischer et al., 2006). This implies changing thermal conditions from cold-based glaciers in the
uppermost part of the face to polythermal ones in the middle elevations, and warm-based glaciers at the foot
of the slope. The three-dimensional permafrost changes within the face are closely linked with the evolving
ice and snow cover on its surface. Thus, the obvious decrease in glaciation is most likely accompanied by a
less visible change in the permafost regime of the Monte Rosa east face (Fischer et al., 2006, 2013).

Increased ice avalanching caused the shrinking or disappearance of several hanging glaciers. A con- nection
between failures in steep glaciers and the underlying bedrock was suggested based on inter- pretation of
time series of high-resolution digital terrain models and terrestrial photographs (Fischer et al., 2011, 2013).
Failure zones were found to be spatially correlated and commonly proceeded from lower elevation upward.
Around 1990, an entire cold-based hanging glacier and large parts of the un- derlying bedrock disappeared.
Thereby, a steep rock wall became newly exposed in the uppermost part

of the face. The instability in the hanging glacier was most likely influenced by previous rockfall and debris
flow activity right below it. The changed bedrock geometry at its terminus and additional mass movement
activity below it were subsequently inducing a stepwise failure of the glacier front and re- treat of the ice
mass. A second phase of increased ice avalanching occurred in the central part of the face, where the lowest
part of the hanging glacier, reaching down to 3300 m a.s.l., disappeared around 1999—-2000 (Fig. 15.5,
glacier part below marking H). The ice failures started in the lowest part of the glacier and proceeded
progressively upward, with one major ice avalanche and several small events. As the lowest part of this
steep glacier was likely polythermal or temperate, rising air temperature might have affected stability (Fischer
et al., 2013).

In the following years, heavy ice avalanches and rockfalls originated from the newly ice-free zone right below
the retreated glacier front (Fig. 15.5), while debris flows were presumably triggered by meltwater. The
continuation of rockfall during the winter pointed to a substantial change in glacier and rock conditions rather
than to seasonal melt effects alone. These mass-wasting processes culmi- nated in August 2005 in a major
ice avalanche, where a large part of the remaining hanging glacier failed with a maximum detachment
thickness of 40m and a total volume of ¢. 1.2Mms3 (Fig. 15.5, at location H). Changing ice temperature might
have locally increased water percolation, indicated by strong water outflow at the front of the remaining
glacier at an elevation of 3700 m a.s.l., and reduced ice stability. Additional destabilizing factors were
supposedly the lack of the supporting glacier parts below, which detached in 1999, and the ongoing
accumulation of rock-fall debris on the hanging gla- cier. Considerable ice volume gain up to 20 m thick took
place in the area of the detachment zone of the 2005 ice avalanche in the Imseng Couloir in 2005—2007,
showing that rapid ice accumulation and build-up of steep glaciers in the eroded areas following a rock or ice
avalanche are possible (Fischer et al., 2011).



FIG. 15.5

Upper part of the Monta Rosa east face in the mid-1980s (left) and on August 6, 2003 (right). Some steep glaciers have
totally disappeared; some have significantly lost mass. Zones with highest slope failure activity and mass waste are
located in the center of the face (H).

From Ka€a€b, A., Huggel, C., Barbero, S., Chiarle, M., Cordola, M., Epifani, F., Haeberli, W., Mortara, G., Semino, P., Tamburini, A., Viazzo, G., 2004.

Glacier hazards at Belvedere Glacier and the Monte Rosa east face, Italian Alps: processes and mitigation. In: Proceedings of the Interpraevent 2004, Riva/

Trient, pp. 67—78.
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15.3.1.2 Permafrost control on rock-fall distribution in the Mont Blanc massif

An increase in rockfalls with volumes from a few hundred to millions of m3is recognized as a possible impact
of the current warming in the permafrost-affected rockwalls in the mountain regions (Gruber and Haeberli,
2007). Ravanel and Deline (2008, 2011) showed a recent increase in the frequency of rockfall that detached
in two iconic areas of the Mont Blanc massif since 1860, with a correlation of the occurrence of the 83
rockfalls with the warmest periods (Fig. 15.6). The prevalence of extremely hot days leading up to rockfalls
has also been observed in the Swiss Alps over recent decades (Allen and Huggel, 2013).

FIG. 15.6

Mean annual air temperature in Chamonix (1040 m a.s.l.) since 1934 (A) and number of rockfalls per decade in the West
face of the Drus and on the North side of the Aiguilles de Chamonix, Mont Blanc massif, France (B). For the decade
2010, only the period 2010-2015 is included. Dashed lines: linear regressions.

Rockfall from permafrost slopes in the European Alps during the hot summer of 2003 has set the stage for
much of the current research into the topic. Although the back-analyses of rock temperature were consistent
with the expected active-layer thickening during 2003, the timing was suspect: The observed rockfall
occurred almost simultaneously with seasonal air-temperature maxima, whereas active-layer thickness
would be expected to peak much later (Gruber et al., 2004). Fast and linear thaw by water percolation into
fractures has been suggested to accommodate this fast reaction (Hasler et al., 2011a) and additionally,
convex topography warms relatively fast due to geometric effects (Noetzli and Gruber, 2009).

In the Mont Blanc massif, rockfalls have been recorded annually since 2007, and a retrospective inventory of
the rockfalls that occurred in 2003 was compiled based on satellite images (Ravanel et al., 2010, 2011,
2017). This distribution of rockfalls can be analyzed with a map of simulated per- mafrost distribution in rock
walls of the massif, for testing the hypothesis of a link between permafrost degradation and rock-fall
triggering. As steep alpine faces have reduced snow and debris cover, tem- perature control by atmospheric
variables is simpler than in gentle topography. A linear regression model explaining the mean annual rock
surface temperature (MARST) with the potential incoming solar radiation and mean annual air temperature
calibrated for the entire European Alps (Boeckli et al., 2012) was used for mapping MARST on a high-
resolution DEM of the Mont Blanc massif (Magnin et al., 2015a). The 0°C isotherm of MARST extends as far
down as 2600 m a.s.l in the most shaded faces and rises up to 3800 m in the most sun-exposed rock
surfaces (Fig. 15.7), with local de- viations due to the variable effects of snow and fractures. Snow cover can
warm or cool the bedrock, depending on its thickness, timing, and sun exposure (Pogliotti, 2011; Haberkorn
et al., 2017; Magnin et al., 2015b, 2017), and non-conductive heat transfer in bedrock clefts may locally
influence the bed- rock thermal regime (Hasler et al., 2011a, b). Nevertheless, five electrical resistivity
tomographies con- firmed an accurate representation of permafrost conditions (Magnin et al., 2015c).



The comparison of the 521 rockfalls inventoried between 2003 and 2014 with the MARST map shows a
pattern indicative of permafrost thaw as a driver of rockfall: 83.5% of recorded events orig- inated from rock
walls with simulated MARST <0°C (9.7 events per km2), whereas only 16.5% oc- curred with MARST >0°CC
(0°C to 4°C; 1.9 event per kmz2). Of the rockfalls, 53% originated from rock walls with simulated MARST
between 0°C and 3°C (10.6 events per kmz2). Additionally, the link with permafrost degradation is evidenced
by: (i) the presence of ice in many rockfall scars; (ii) higher scar elevations during hotter summers; (iii) a
sharp contrast in scar elevation between north and south faces, consistent with modeled permafrost
distribution; and (iv) increased rockfall from convex topog- raphy prone to rapid warming such as pillars,
spurs, and ridges.

15.3.2 Bedrock slopes and debuttressing: Rockfall

Rockfalls and rock avalanches can threaten human infrastructure and activities in the mountain areas. One
factor that could increase their frequency is the impact of the current glacier shrinkage. An ac- curate
observation of active rockfalls is possible in places well-frequented by people, whereas only large events like
rock avalanches are usually observed in the remote areas. The possible control that glacial debuttressing
exerts on rockfall and rock avalanche magnitude and frequency in the areas likely containing warm
permafrost can be explored by jointly interpreting the corresponding case studies.
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FIG. 15.7

Distribution of predicted mean annual rock surface temperature (MARST; based on mean annual air temperature from
1961 to 1990) and rockfalls for the period 2003 and 2007-2014 in the Mont Blanc massif, and rockfall density (i.e.,
number of rockfall per kmzfor each MARST class).

15.3.2.1 Rockfalls at the Are* e des Cosmiques, Mont Blanc massif

The evolution of the ice masses since the end of the LIA, and especially since the 1990s, influences the
triggering of rockfall close to the glacier tongues but also at higher elevation. The Mer de Glace lost more
than 100 m of ice thickness below the Montenvers since 1990, and tens of meters at many loca- tions above
3000m a.s.l. This could lead to triggering of rockfalls due to debuttressing and, indeed, 20% of the 139
collapses recorded in the massif in 2007—2009 occurred at the base of the recently ex- posed rock slopes.

Ravanel et al. (2012) have examined rockfalls at the lower Ar*ete des Cosmiques over fifteen years. Its
slopes differ strongly in terms of height (around 350 m for the NW face and 50 m for the SE face) and rock
structure (no particular structure visible in the NW face, fractured SE face). This 400-m-long ridge is
especially relevant because of a mountain hut with 140 beds situated on its crest (3613 m a.s.l.). After the
600-ma3 rockfall that destabilized a part of the refuge in 1998, the SE face of the ridge has been regularly
observed, and annually surveyed by terrestrial laser scanning since 2009. 16 rockfalls (20—256 m3) occurred
along the ridge between 2003 and 2011, and 8 (0.7—18 m3) were detected below the hut between 2011 and
2018 (Fig. 15.8).

Topographic maps from the 1950s and 1970s show ice cover east and south-east of the hut, which is not the
case today. Ice thickness reduced by 40 m between 1979 and 2003, a change that could thus have
interfered with the stability of the ridge. For example, the 1998 rockfall affected a slab that had an
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FIG. 15.8



Rockfalls that occurred from 2011 to 2018 below the Cosmiques Hut, on the SE face of the lower Ar*ete des Cosmiques,
Mont Blanc massif, France. (A) Yellow dashed line: scar of the August 1998 rockfall (600m3)—a portion of the refuge
became unstable; smaller event (6): 0.70.2ms; larger event (7): 18.23.2ms. (B) Two examples of comparison of terrestrial
laser scanning point clouds (Duvillard, 2019).

ice-covered base until that year, whereas a 2010 rockfall in the couloir east of the hut was possibly related to
the recent lowering of the glacier. The observed presence of permafrost within the rock mass and the
concentration of rockfalls during or at the end of warm periods suggest that permafrost deg- radation could
have contributed to their occurrence.

The Cosmiques case highlights how the monitoring of rock slopes, permafrost, and glaciers is nec- essary
for assessing the sustainability of infrastructure and the management of risks in the high- mountain areas
(Bommer et al., 2010.

15.3.2.2 Rockfalls related to glacier shrinkage in British Columbia and Alaska

Due to the low population density in these mountainous areas, data are scarcer than in the European Alps,
particularly on smaller events. Many post-LIA rockfalls and avalanches in British Columbia (BC) occurred on
rock slopes above glaciers (Evans and Clague, 1994; Holm et al., 2004). Two-thirds of the 18 rock
avalanches that were recorded in northern BC between 1973 and 2003 affected cirque walls where glaciers
thinned up to several hundred meters (Geertsema and Chiarle, 2013), like, for example, the 1999 Howson
rock avalanche. Here, some 0.9 Mms of fractured and jointed granodiorite toppled at 1900 m a.s.l., fell and
slid 150 m over a 48-degree slope onto a glacier (Schwab et al., 2003); the rubble transformed into a rock
avalanche (2.7km runout), incorporated some 0.6Mm3 of colluvium and till along the slide path, severed a
natural gas pipeline, and dammed a stream. Although several large rock avalanches in BC and Alaska
recently originated from permafrost-affected rockwalls (Bessette-Kirton et al., 2018; Coe et al., 2018), more
modest examples with travel distances of 2—3km show a clear association with either glacier cirque walls or
zonation within LIA trimlines (Fig. 15.9).
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FIG. 15.9

Alaskan rockfalls that transformed into rock avalanches. Left: on West Nunatak Glacier (1.8-km runout) near Nunatak
Fjord (October 1998); right: on Takhin Glacier near Tsirku River, Takhinsha Mountains (3-km runout) in 2006. The rock
slope failures initiated in the recently deglaciated zones.

Photographs: M. Geertsema.

15.3.3 Bedrock slopes and debuttressing: Rock sliding and deep-seated

gravitational slope deformation

Active over decades to millennia, many rock slides and deep-seated gravitational slope deformations
(DSGSD) in formerly glaciated valleys—characterized by a slow deformation evolving along planes or shear
zones at depth—are considered as paraglacial (Ballantyne, 2002). However, lack of dating makes the testing
of this hypothesis difficult as the rock slope failures often undergo multiple and different phases in their
development. Some slides have been studied because they are clearly related to post- LIA shrinkage of
glaciers, while others have been monitored because of their strong hazard potential. As bedrock and debris-
cover stability are strongly affected by these slope deformations, they form a source for other mass-
movements like earth flows or rock avalanches.

15.3.3.1 Mueller Rockslide, New Zealand
The Mueller Rockslide (c. 1.1 Mm2; 100—200 Mm3) is a slow-moving rock slide in the Sealy Range of the



New Zealand Southern Alps (Fig. 15.10). Its crown is near the crest of the slope (c. 1800 m a.s.l.), and its toe
is some 600—800m farther down the slope, partly hidden beneath the surface of the
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FIG. 15.10

Mueller Rockslide, Southern Alps, New Zealand. The circle on the map shows the approximate rockslide location. Solid

lines on the oblique view show major headscarps; the dashed line shows the approximate outline of the lower slide and

the partly debuttressed toe; red circle: alpine hut. The development and continuing movement of the rockslide is thought
to be related to downwasting of the glacier. Oblique image: Google Earth, April 5, 2013; map data: LINZ.

Mueller Glacier. The dip-slope failure is inferred to be sliding in bedding within the limb of an an- ticline (Lillie
and Gunn, 1964; Hancox, 1994), with erosion by the Mueller Glacier and debuttressing likely to have primed
the slope for failure. The slope is currently moving at 0.5 4 m year1, probably responding to post-LIA
debuttressing from glacier downwasting of some 150m, but the initial de- velopment of instability and
movement may be older. This rockslide provides an example of a para- glacial slope failure with a long
history of deformation, with its slow evolution potentially moderated by the ductile behavior of the weakly
buttressing ice (McColl and Davies, 2012). As of 2019, part of the rock slide toe is free of ice and appears to
be slowing, but further reduction in the ice buttress and signs of upslope retrogression of movement activity
make the future of this large rock slope failure uncertain.

15.3.3.2 Schlossplatte/Alp Ba€regg, Switzerland

The instability and then collapse of a 2-Mms, 250-m-high, compact limestone mass in 2006—2009 at
Schlossplatte, Bernese Oberland, was caused by the Lower Grindelwald Glacier shrinkage, the LIA surface
of which was 300m above its 2006 elevation (Fig. 15.11). The collapsed area was subject to a high glacial
compression due to its position on a topographic ridge.

After the opening of two 250-m-long valley-parallel cracks, and one month of small rockfalls, 0.17Mm3
toppled in July 2006 (Oppikofer et al., 2008). During one year, the total subsidence of the rear block was 52
m, whereas the front block slid forward by ca. 20 m (Fig. 15.11). The rear block was fully broken up in June
2008, whereas the front block collapsed in August 2008; two residual rock columns partly toppled two
months later and fully collapsed during the summer of 2009.
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FIG. 15.11

Cross-section of Schlossplatte/Alp B€aregg trough, Bernese Oberland, Switzerland, with Lower Grindelwald Glacier
surface elevation at the end of the Little Ice Age (Oppikofer et al., 2008, modified). Black profile: prefailure state; red
profile: Summer 2007 profile, with deposit at the glacier surface; R: rear block; F: front block.

15.3.3.3 Mont de la Saxe, Italy

As a result of Pleistocene glacier fluctuations (Porter and Orombelli, 1982) and the onset of deglaci- ation
predating 16.4 ka BP (Wirsig et al., 2016), the NW side of the ridge of Mont de la Saxe, Aosta Valley,
developed a DSGSD, forming aligned trenches and closed depressions, and scarps and counter- slope
scarps in the intensely deformed metasedimentary rocks over an area larger than 4km2 (Fig. 15.12). The
DSGSD induced block-flexural toppling on rock masses acting on the subvertical tectonic and metamorphic
discontinuities. A shallow and extremely active complex rock slope failure with a volume of $8 Mms has been
affecting the SW end of the ridge since the 1980s, with velocities of 1.5mm per day during the winter and
15mm per day during the spring in 2010—2012 (Crosta et al., 2013). Since it poses a high risk to the village
of Courmayeur, the highway, the national road, and the access to the Mont Blanc tunnel, an intensive
monitoring system has been initiated since 2002 (Frattini et al., 2015).



15.3.3.4 Taan Fiord, Alaska

Taan Fiord (Icy Bay) has been reshaped by the 17-km-retreat of Tyndall Glacier since 1961, with more than
400m of ice thinning and the glacier receding to its approximate current grounded position by 1991 (Koppes
and Hallet, 2006; Higman et al., 2018). Grabens and a large rotational rock slide were
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FIG. 15.12

Landforms and slope instabilities on the NW side of Mont de la Saxe, Aosta Valley, Italy. (1) Landslide; (2) fracture; (3)
trench; (4) active scarp; (5) relict scarp; (6) depression; (7) debris cone. Imagery SCT Geoportal Aosta Valley Region;
design: W. Alberto.

identified in 1995 in the deglaciated head of the fjord, with progressive deformation until 2015 (Meigs et al.,
2006; Higman et al., 2018). Finally, resulting from the rapid glacial debuttressing, a c. 76 Mms3 rock-slope
failure occurred above the terminus of Tyndall Glacier in October 2015. It travelled c. 3 km at 45ms1,
resulting in a M4.9 seismic signal, and generated a tsunami in the fjord (Section 15.3.6.3).

15.3.4 Moraine stability and glacier shrinkage

Glacial debuttressing of proximal moraine slopes is commonly associated with deep-seated slope fail- ure or
smaller slumps, and once adjusted to the glacier withdrawal, gullying may continue for one to two centuries
and solifluction and breaching can occur.

15.3.4.1 Slides

Many studies have documented translational sliding in moraines (Table 15.1), although debris is gen- erally
released through a combination of sliding, slumping, debris flow, and blockfall (Ballantyne, 2002). Mattson
and Gardner (1991) documented 25 slides from ice-cored moraines at Boundary Gla- cier (Alberta Rockies),
which initiated at the ice-debris interface. Most were triggered by rainfall, with some resulting from ice melt
reducing the strength of the overlying sediment.

Large deformation of lateral moraines has become more frequent since the end of the 2000s, from the
Bionnassay, Mer de Glace, Tacul, and Miage Glaciers (Mont Blanc massif) to Findelen and Bel- vedere
Glaciers (Monte Rosa massif), and Forni Glacier (Ortles-Cevedale Group). Deformation started earlier at
other glaciers. The sharp-crested right lateral moraine of Athabasca Glacier (Alberta Rocky Mountains) rises
150m above the glacier foreland. Hugenholiz et al. (2008) found that deformation along a 540-m-long section
began in the early 1950s, and the (possibly ice-cored) moraine underwent
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Table 15.1 Records of deformation of alpine moraines.

Glacier Numper, magnitude, and mode Preparatory factors Triggering factors Reference
of failures

Boundary (Alaska, |25 slides Ice-cored moraine Rainfall Mattson and Gardner (1991)

USA) Athabasca degradation Glacier

(Canada) Post-1960 gravity deformation ~|thinning >65 m Traffic vibration? Rock ~ |Hugenholtz et al. (2008)
with multiple failure surfaces glacier push from

Tortin (Switzerland) Glacier thinning 17.7m |upslope? Ravanel et al. (2018)
10 slides of 24—1138m3 (2007— 2014), warming

Lower Grindelwald of permafrost Glacier |Contact between base of Stoffel and Huggel (2012)

(Switzerland) 2009 slide of 0.3M summer active layer and

Belvedere (ltal slide or 9.oMms3 I buried glacier ice Not

(taly) thinning > 80 m (1985— g Chiarle and Mortara (2001);

Two slides of 300m (post- Mortara et al. (2009);




1889), 250m length (post-
1954), and 500m length (post- 2000) Glacier thinning |specified

2015)

Locce (ltaly) ) ) o Glacier thinning; Not specified Mortara (pers. com., 2019)
Rapid rotation slide in 2005, melting of buried ice Tamburini (2009)
collapsing in 2007.

Tasman (New Infiltration from moraine-

Zealand) Glacier dammed lake Blair (1994)

Progressive down-glacier failure
>5km since 1960s. Multiple
slow slides of moraine and
valley side bedrock

thinning > 150 m
(1890—2000) Rainfall; snowmelt

progressive bulging and gravitational deformation from the late 1960s, to create a gap in the moraine crest
and a displacement of 55m toward the glacier with a vertical lowering of 41m. A network of fractures up to 40
m long has transformed the sharp crest into a series of discontinuous crests. The re- striction of deformation
to this section (a quarter of its length) may be due to both the interaction with adjacent rock glaciers
impinging on the distal side of the moraine, and vibrations from summer tourist vehicles since 1961.

At the Belvedere Glacier, the crest of a curved section of the right lateral moraine has been sliding since at
least 1889 on a 40-degree plane, generating a 300-m-long, double-crested moraine (Chiarle and Mortara,
2001; Mortara et al., 2009) with a vertical lowering of 25—-33 m in 2016; this system has sur- vived three
glacier advances in the 20th century (Fig. 15.13). Sometime before 1951, a translational slide detached
several meters below the crest of the proximal side of another section of the same mo- raine several hundred
meters upstream; this 250-m-long section was probably eroded by the 1960s ad- vance (Mortara et al.,
2009). Most recently, a 500-m-long crack formed in the upper section of the

moraine in May 2015. The vertical lowering reached 17m in July 2017 (A. Tamburini, pers. com.; Fig. 15.13),
resulting from the lowering of 40m of the surface of the Belvedere from 2008 to 2017 after its surge-type flow
acceleration of 1999-2004 (Haeberli et al., 2002).

Melting of internal ice has also caused surface deformation in some moraines, for example, at the terminal
moraine of Locce Glacier (Monte Rosa massif; Fig. 15.13), that caused the hut Rifugio Para- disio to be
abandoned by 1975 because of toppling (Mortara et al., 2009). Lateral moraines at several large valley
glaciers in New Zealand show a range of large-scale failure types. At Tasman Glacier, the right-lateral
moraine displays a complex suite of mass movement styles (Fig. 15.2). Failure com- menced 10 km
upstream of the contemporary terminus, where post-1890 glacier thinning was greatest above the debris-
covered tongue (Kirkbride and Warren, 1999). Gullying of the enlarging proximal moraine face preceded the
initiation of deep-seated failure in the 1960s. By 1986, this had propagated 4.5km toward the terminus, at a
rate apparently controlled by lowering of the glacier surface (Blair, 1994). Subsequently, failure surfaces
activated by 1986 have continued to develop. Slumping com- prises translational sliding of rigid slabs down
the proximal moraine face, rotational slumps incorpo- rating blocks of the entire superposed moraine ridge,
slumps incorporating the alluvial fill of the adjacent lateral morainic trough and valley-side debris cones, and
deep-seated rock slope failure extending c. 250 m above the trough. The entire valley side now appears to
be at residual strength, per- haps posing the risk of catastrophic failure in coming decades after the
supporting glacier commenced rapid calving retreat in 2008 (Dykes et al., 2011).

FIG. 15.13

Right-lateral moraine of the debris-covered Belvedere Glacier, Monte Rosa massif, Italy. Left: double-crested moraine
formed since 1889; large terminal moraine of Locce Glacier in the middle ground. Right: 500-m-long double-crested
moraine in the upper section, formed since spring 2015. Dashed white line: glacier level in 2002.

Photographs: A. Tamburini and G. Mortara.
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15.3.4.2 Gullying

Gullying is the fretting of moraine faces by weathering and erosion, to form geometrically regular suites of
gullies, most commonly on over-steepened proximal lateral moraine slopes, where gullied faces can extend
for several kilometers up valley. Gullying results from frost weathering, surface wash, wind ablation, debris
fall, and avalanche (Ballantyne, 2002; Curry et al., 2006).

The upper proximal faces of large moraines (>120-m-height, >30 degree) are characteristically covered by
an array of parallel gullies separated by sharp ridges (Fig. 15.14), with a gully density up to 60 per km in the
central Swiss Alps (Curry et al., 2006) or 110 per km in the western Norway (Curry, 1999). Gullies are wider
and deeper when incised by streams flowing along the mountain side; debris flows along the poorly
consolidated and sometimes ice-cored moraines are initiated by rain- storms or melting of snowbeds at gully
heads (Ballantyne, 2002). The lower moraine faces comprise debris cones or debris aprons derived from the
gullies above.

Glacier thinning of the Mer de Glace in 1890—2008 was 200 m at its terminus and 140 m at the Mon- tenvers.
The right-lateral moraine is incised by many streams coming from the upper glacier basins (Fig. 15.14). The
moraine’s distal face above the two recent proglacial lakes has 50- to 200-m-high gullies, on average 10—20
m deep (up to 64 m), with longitudinal profile slope angles of 21—41 degrees. The rate of gully erosion here
averages 50—100mmyear1 with a maximum of 300mmyear1, com- parable to the highest values measured
on LIA moraines in Norway (Curry, 1999) and Switzerland (Curry et al., 2006).

However, the period of strong sediment release is of short duration: Gullies in the Swiss Alps reach their
maximum dimensions within ca. 50 years and stabilization occurs within 80—140 years of degla- ciation

(Curry et al., 2006; Draebing and Eichel, 2018). Once stabilized, the paraglacial gully system in Norway
comprises a bedrock-floored upper source area, a midslope area of gullies with sidewall slope

FIG. 15.14

Active erosion on the right lateral moraine of Mer de Glace, Mont Blanc massif, France, is evident in comparing these
two pictures separated by one century. Left: photograph by Spelterini from his balloon, August 1909 (Kramer and
Stadler, 2007). Right: 2008 orthophoto draped on 4-m DEM from RGD 73-74.

Courtesy M. Le Roy.

inclination of c. 25 degree, and debris talus at the slope foot (Curry, 1999). In the Turtmann Valley
(Switzerland), solifluction reworks the debris-flow lobes at the base of the larger gullies and forms turf-
banked lobes and terraces onto the lower part of the distal face; this solifluction stage gives way to a
stabilization phase when shrubs and trees start to colonize the slopes, at first where blocky material is
dominant (Draebing and Eichel, 2018; Eichel et al., 2018).

15.3.4.3 Breaching

Moraine breaching may occur with the glacier still present, and also, a long time after paraglacial sed- iment
supply from upslope has been exhausted. It represents the terminal grade of linear incision in this
environment and can result from either internal processes (ice-core melting, saturation collapse) or the
impact of external erosive events (e.g., ice avalanching, lake-outburst flooding). Where the breached
moraine dams a lake, downstream flooding forms a serious hazard due to its magnitude, rapid onset, and
unpredictability (e.g., Nostetuko Lake in 1983: Clague and Evans, 2000).



Water saturation due to precipitation was responsible for the September 1993 failure of the LIA moraine of
the Mulinet Glacier, Levanne massif, Italy, at 2525m a.s.l. A heavy and prolonged rain- storm eroded a 50-m-
deep and 450-m-long breach, facilitated by buried glacier ice, and resulted in a 0.8-Mma3 debris flow travelling
over 5.6km and flooding the village of Forno Alpi Graie (Mortara et al., 1995).

Breaching usually affects terminal moraines (e.g., Dolent Glacier in 1990: Lugon et al., 2000), because they
are located in more vulnerable positions, but lateral moraines may also be affected. The left lateral moraine
of the Belvedere Glacier was progressively buried by an aggrading debris cone from a lateral proglacial
stream. As the cone reached the moraine crest by the 1940s, it triggered incision and removal of a section of
this moraine by the stream between 1950 and 1968 (Mortara et al., 2009).

15.3.5 Debris slopes in permafrost areas

Hazards related to permafrost degradation in debris slopes can be subdivided into (1) direct effects of
accelerated creep of cohesive masses of frozen debris such as rock glaciers; (2) indirect effects of debris
supply from moving masses; and (3) thermokarst.

15.3.5.1 Rock glacier movement
Several types of behavior of rock glaciers and other landforms affected by permafrost creep can be
distinguished based on surface kinematics (Fig. 15.15; Schoeneich et al., 2014):

* Type 1: Moderate acceleration, modulated by multi-annual velocity fluctuations in the range of a few
cmyeari to >2myears (Delaloye et al., 2008; Staub et al., 2016; PERMOS, 2019).

* Type2a:Abnormalaccelerationoftheentireormostofthemovingmasswithopeningofcrevasses, scarps,
or cracks on the surface (Roer et al., 2008; Darrow et al., 2016; Scotti et al., 2016; Marcer et al.,
2019) with velocities ranging from about 1 to >10myear1.

* Type 2b: Very strong acceleration with known velocities >80myear1, which can last a few years
(Delaloye et al., 2013; Eriksen et al., 2018).

* Type 2c: Acceleration and dislocation of the lower part of the moving mass, with the formation of
scarps (Roer et al., 2008; Delaloye and Morard, 2011; Delaloye et al., 2013).

15.3 Case studies 523

524 Chapter 15 Ice loss from glaciers and permafrost
FIG. 15.15
Evolution trajectories of rock-glacier behavior with increasing temperature (Schoeneich et al., 2014).

Type3:Collapseofthelowerpartofthefrozenmovingmass,whichbreaksdownasadebrisflow;a new front develops
from the scarp (Bodin et al., 2017).

Type 4: Deceleration of Types 2 and 3 during months to decades after destabilization.

Type 1 Laurichard rock glacier (Ecrins massif, France) provides one of the longest available series of surface
displacement (Bodin et al., 2009, 2018). Its velocity has increased during 1988—2018, likely in response to
permafrost warming, and its multi-annual behavior has been similar to observations in the Swiss Alps
(PERMOQOS, 2019). After a first peak in 2004, velocity abruptly decreased until 2007, before increasing again
until 2016. As shown by Staub et al. (2016) for the Becs-de-Bosson rock glacier, this behavior can be related
to the lagged effect of the ground surface temperature deviation over the pre- vious two years.



Types 2—3 are often referred to as “destabilized” and many of these phenomena started in the post- 1980s
warm decades, although possible cases of earlier initiation are also known (e.g., Marcer et al., 2016). For
instance, the destabilization of Type 2c¢ Petit-Velan and Type 2b Tsate rock glaciers (Valais) in 1988—1995
followed the strong increase in permafrost temperature that occurred around 1990 (Delaloye and Morard,
2011; Lambiel, 2011), and the collapse of the Berard rock glacier (Southern French Alps) was possibly
triggered by the summer heat-waves of 2003 and 2006 (Bodin et al., 2017).

The internal composition of the moving mass is an important control of destabilization: The Type 4 Berard
moving mass (Southern French Alps), composed of fine schist debris prone to sliding when water saturated,
corresponds to a “pebbly” or “fine-grained” rock glacier according to lkeda and Matsuoka (2006). The
initiation of a destabilization phase results from the combined influence of ther- mal (permafrost
temperature), geometrical/topographical (gradual changes in geometry of the moving mass over a given
topography), and mechanical (e.g., increased loading induced by significant rockfall deposits) factors over
different time scales. As such, it may not be only the response to permafrost warming (Delaloye et al., 2013).

The basal topography over which a rock glacier is moving is a significant factor influencing its destabilization
(Avian et al., 2009; Marcer et al., 2019). A steep slope causes higher shear stress, and a convex long-profile
topography induces extending flow and hence favors stretching and even splitting of the moving rock glacier,
as shown by all reported destabilizations/ruptures of the lower part of rock glaciers. Deposits of rock
avalanche or rockfall may add mass to a rock glacier and con- tribute to destabilization (Delaloye et al.,
2013; Scotti et al., 2016). If this affects the rooting zone, a longer time is necessary for the effects to reach
the terminal part of the rock glacier, e.g., 25 years to achieve the “mechanical surge” of the 400-m-long
Grabengufer rock glacier (Valais, Switzerland) in 2008—2012 (Delaloye et al., 2013).

15.3.5.2 Debris supply from permafrost areas

The connections between permafrost degradation and debris flows have received increased attention in the
aftermath of the catastrophic rain and flooding in the Swiss Alps during the summer of 1987, which triggered
numerous debris flows on steep till-covered slopes deglaciated during the past 150 years (Zimmermann and
Haeberli, 1992). Rock glacier fronts provide debris downstream into mountain tor- rents (Zischg et al., 2011),
although the link is not necessarily direct. At active rock-glacier fronts, de- bris supply to the torrent system is
modulated by velocity variations of the rock glacier (Kummert et al., 2018). The rate of debris supply is
usually in the range of tens to a few hundred ms3 year1. Episodic acceleration or destabilization phases can
increase this to several ten thousand m3 year1 (Kummert and Delaloye, 2018). Melting of ground ice in debris
masses may leave a large amount of loose material available to erosion, which may be limited by the coarse
size of debris and a facilitated infiltration of water into the ground.

The consequences of this variation in debris supply depend on the characteristics of the torrent sys- tem. In
debris-limited systems, additional debris supply due to permafrost degradation may lead to an increase in the
magnitude and frequency of debris flows (Kummert et al., 2018). For example, an en- hanced torrent activity
was triggered by increased debris supply from the overhanging Derochoir rock glacier front in the Arandellys
catchment in the Mont Blanc massif (France) in the late 1890s (Mougin, 1914; Marcer et al., 2016).

15.3.5.3 Ground ice melting and thermokarst

In the European Alps, thermokarst phenomena are commonly related to buried glacier ice or avalanche
deposits, and more rarely to excess ice formed in the ground. The long-term conservation of buried ice is
favored by permafrost conditions. The most striking phenomena are thermokarst lakes and associated
outburst floods (e.g., Gruben Glacier area: Haeberli et al., 2001). In the southern French Alps, the Lac
Chauvet (2800 m a.s.l.) is an ephemeral lake on debris-covered dead ice in a proglacial area that grows for a
couple of years before draining through a glacial tunnel, triggering debris flows that can dam the main river



(Assier, 1996). The phenomenon repeated at least six times since the 1930s, once in 2008. Geophysical
investigations show that the ice and frozen debris are still >40m thick.

In recent years, several cases of ground ice revealed by thermokarst features were reported in the Alps in
places where no presence of ground ice was suspected. This could point to an increase in the melt rate of
buried ice bodies, representing an emerging hazard in periglacial mountain areas. Mapping of proglacial
areas combined with permafrost distribution modeling could help identifying the potential areas of
thermokarst development.
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Ice-cemented debris layers can occur in aggrading talus slopes where debris and avalanche snow are
deposited. The Dents Blanches (Valais) rockfall in 2006 provided a rare exposure of such a permafrost body
(Gruber and Haeberli, 2009). The melt of the pore ice and the interwoven ice layers make sed- iment hitherto
preserved from erosion available for transport. As a consequence, debris flows of unpre- dictable magnitude
may originate from unexpected locations within talus slopes that contain ice.

15.3.6 Interactions and complex mass movements

Large slope failures in the mountain environments typically evolve into complex mass movements (Cruden
and Varnes, 1996), that is, events during which one mode of movement transforms into an- other. The
following cases involve transitions between movement types and illustrate how complex slope failures can
lead to unexpected consequences, whereby events related to ice loss or interacting with ice can have
consequences reaching much further than commonly anticipated (cf. Evans et al., 2021).

15.3.6.1 Rock avalanches onto glaciers

In 2002, ice-cored rubble in a cirque near Harold Price Creek (BC) failed and triggered a 4-km-long mass
movement (Geertsema et al., 2006). The volcanic rock rubble travelled some 500m before it loaded the till
and colluvium lower on the slope, transforming the moving mass into a debris avalanche that travelled 1.5km
before it channelized into a debris flow. Large rock avalanches travel a much greater distance, even when
little or no ice is involved: The 53 Mms3 rock avalanche that affected Mount Meager (BC) in August 2010
travelled for 12.7 km with a small amount of ice from Capricorn Glacier incorporated in the detached rock
mass (Roberti et al., 2017, 2018). On the contrary, the Alaskan rock avalanches at Mount Lituya in 2012, at
Mount La Perouse in 2014 (Fig. 15.16), and on Lamplugh Gla- cier in 2016 originated in permafrost-affected
rockwalls and propagated onto glaciers with horizontal travel distances of 9.2, 7.4 and 10.5 km, respectively,
incorporating a huge volume of ice (Geertsema, 2012; Coe et al., 2018; Bessette-Kirton et al., 2018). The
higher mobility of rock avalanches onto gla- ciers results from low-friction surface, basal pore pressure
generated by frictional melting, debris flu- idization by ice and snow melting, and debris channelization by
lateral moraines (Evans and Clague, 1988, 1994; Deline et al., 2015).

15.3.6.2 Rockfall-debris storage-debris flow (chain reaction)

Deposits of mass movements can be subject to time-lagged remobilization. A 1.5-Mma3 rock mass de- tached
from the north face of Piz Cengalo, Switzerland, in December 2011, and evolved into a rock avalanche,
travelling 2.7 km down the Bondasca Valley. During summer 2012, heavy rainfall remobi- lized parts of the
deposit, and four debris flows reached the village of Bondo, at a distance of 6 km (Baer et al., 2017). The
travel angle of the rock avalanche was exceptionally steep (32 degree) for an event of this size, and debris
flows extended the reach of the combined event.



On August 23, 2017, another 3 Mm3 collapsed in the NE face of Piz Cengalo and impacted a small glacier
located at its foot, removing 0.6Mma3 of ice by an undetermined combination of melting and erosion (Mergili et
al., 2019; Fig. 15.17). The rock-ice avalanche reached a runout distance of 3.4 km (travel angle of 26
degrees) and entrained a large amount of debris deposited by the 2011 rock ava- lanche; eight hikers
located in the runout zone were killed. In contrast to 2011, a succession of large debris flows immediately
followed the rock avalanche, notably in the absence of rainfall. The first
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FIG. 15.16

The c. 7.4-km-long rock avalanche at Mount La Perouse (3269 m a.s.l.), Coast Mountains, Alaska, occurred on February
16, 2014 (Coe et al., 2018). Note the dust deposited beyond the limits of the rock avalanche deposit. Photograph: M.

Geertsema.

debris flow occurred with a delay of c. 30 s, followed by 10 debris flows within 9.5 h, and 3 more 2 days later.
The debris flows successively reached and filled the debris retention basin in the main valley, which had
been constructed following the 2011 events: Later debris flows overtopped the basin and caused severe
damage to houses and public infrastructure in the village of Bondo.

15.3.6.3 Rock slide-generated waves

When large rock slides (often originating from steep and recently deglaciated areas) enter water bodies, they
create local tsunamis. These differ from tectonic tsunamis that have wave periods tens of minutes long, and
maximum run-ups of 30 m (Higman et al., 2018), with periods typically an order of magnitude smaller but
much larger waves. The largest historical tsunami at Lituya Bay, generated in 1958 by a c. 30-Mma3 rock slide
that crossed the 1350-m-wide Gilbert Inlet, had a period of 76 seconds and a peak runup of 524 m (Fritz et
al., 2009; Fig. 15.18). A 2- to 6-m-high wave in Knight Inlet some 500 years ago destroyed a First Nation’s
Village; it was generated by a 4 Mmasrock slide detached at a distance of 5km on an 840m high cliff
oversteepened during the Last Glacial Maximum/Fraser Glaciation (Bornhold et al., 2007). A more recent
rock-slide-generated wave was triggered in 2015 by the 73 Mm3 Taan Fiord rock avalanche (see Section
15.3.3.4) that entered the 1.5-km-wide and 90-m-deep
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FIG. 15.17

Piz Cengalo rock avalanche on August 23, 2017. The photographic sequence (from a video taken by Reto Salis) shows
the formation of an ice jet as a consequence of the impact of the rock mass on the small glacier at the toe of the Piz
Cengalo NE face.

recently deglaciated fjord to emerge and deposit debris on the opposite shore, producing a 6-km-long and
2km2 subaqueous flow deposit (Dufresne et al., 2018; Haeussler et al., 2018). A tsunami with a maximum
height of 193 m travelled the length of the 17-km-long fjord, removing forest and soil from the shores (Fig.
15.18); it extended the destructive reach of the initial rock avalanche almost six-fold (Higman et al., 2018)
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FIG. 15.18

Left: A 30-Mmsrock avalanche at the head of Lituya Bay, Alaska, generated a wave running up more than 500 m and
removing the forest from the slopes along the bay (red line: scar); the trimline of the tsunami (yellow line) is still visible
today due to the difference in vegetation type. Right: A 73-Mmasrock avalanche in Taan Fiord, Alaska, generated a 193-
m-high wave on October 17, 2015, that stripped the shores of vegetation (dashed line: scar, top at 650 m a.s.l). Tsunami
inundation zone in the foreground; arrows: landslide hummocks which travelled across the fjord.

Photographs: M. Geertsema.



15.4 Conclusion and outlook

The mountain cryosphere has been changing rapidly since the late 20t century, with strong con- sequences
for morphodynamics. Glaciers are shrinking at a rate never observed since the termina- tion of the Little Ice
Age. This influences slope instability at different spatial and temporal scales through glacial debuttressing,
stress-release fracturing, and crustal rebound. Therefore, large rock slides and deep-seated gravitational
slope deformations (DSGSD) are triggered or reactivated. Denudation of moraine slopes due to glacier
surface lowering allows increased sliding, gullying and breaching of moraines due to rainfall, infiltration or
outburst floods. Changes in the geometry of temperate glaciers reduce abutment and can generate ice
avalanches. Warming of cold-based glaciers changes rheology, basal cohesion, water content, and tensile
strength of ice, which enables glacier sliding.

At the same time, but less visible at the terrain surface, permafrost also is strongly affected by at- mospheric
warming. In steep rockwalls, rock temperature increase and water percolation can change hydraulic regime
and mechanical strength that alter the stress field. As a consequence, rockfall fre- quency is increasing in
many mountain ranges worldwide. In frozen accumulations of coarse debris, thermal changes thicken the
active layer with consequences at depth on water percolation and creep velocity. This can lead to rock-
glacier destabilization including collapse, whereas ice-cemented talus slopes and rock glaciers can become
a source for more frequent and/or larger debris flows and rockfalls. The processes specific to a high-
elevation geomorphic belt can affect lower areas and generate cascad- ing processes, with catastrophic
consequences when long runout phenomena (e.g., a lake impacted by an ice-rock avalanche) threaten
downvalley populations.
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Many scientific advances concerning the relationship between ice loss and slope instability in high- mountain
regions have been realized in recent decades, often stimulated by extreme events such as the 1987 summer
flooding in the Swiss Alps, or the very hot summer of 2003 in the European Alps. As impacts of the changing
climate on the cryosphere and the related morphodynamics will be reinforced during the 21st century, a race
has begun between the acceleration of those phenomena and the under- standing of the underlying
processes including their sensitivity and response times. To do this, coor- dinated research, observations,
and monitoring are needed, as illustrated, for instance, by the WGMS for glaciers or PERMOS for Swiss
permafrost, supporting long-term scientific research as well as phys- ical and numerical modeling. These
future research steps will be based on an increasing international scientific collaboration, of which this
chapter is in its own way an illustration.
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