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Abstract. Climate-induced warming affects physical, mechanical and hydraulic properties of permafrost rock walls in cold
mountain regions. While detailed understanding of the complex interaction between rock structures, ice and water remains
challenging, the overall effect of thermally induced stability reduction seems evident and best explains the recent increase in
the number of large rock-ice avalanches. Time-dependent modeling of thermal conditions in the pre-event failure zone of
two recent events at Rasac ridge (2023) in the Cordillera Huayhuash, Peru, and at Blatten (2025) in the Swiss Alps
documents marked subsurface warming during the past about 150 years down to about 100 meters or more together with a
remarkable inertia of the associated temperature change. Both investigated mass movements must have detached from quite
cold permafrost with permafrost depths in places exceeding 200 to 300 meters but with pronounced asymmetric thermal
conditions as is characteristic for sharp mountain ridges. In the Blatten case, increasing water infiltration from the warmer
sunny side may have contributed to the release of an already weak slope which must have developed subcritical rock-
mechanical conditions over much longer time.

The large amount of heat already now stored deep below the surface constitutes a strong long-term commitment concerning
the future stability of permafrost rock slopes. Ongoing atmospheric and subsurface temperature rise are likely to further
enhance related stability reductions. Hazard and risk assessments concerning cold mountains must adequately consider such

strongly time-dependent aspects.

1 Introduction

Stability assessments concerning steep, ice-clad mountain slopes must essentially consider three basic factors: Topography,
geology and water, while for water the difference between its frozen and unfrozen state is of uppermost relevance. Under
conditions of global warming, by far the strongest and fastest change presently concerns the ice component and how its

change influences water flow, pressures and strength within these rock masses.
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As atmospheric temperatures rise, mountains inevitably also experience an increase in temperature. Where these mountains
are frozen throughout the year (permafrost), such warming affects their stability, including rockfall activity (Haeberli et al.,
1997, Davies et al., 2001; Gruber and Haeberli, 2007; Harris et al., 2009; Krautblatter et al., 2012, 2013; Krautblatter and
Draebing, 2014; Krautblatter and Leith, 2015; Kenner et al., 2022; Etzelmiiller et al., 2023; Hartmeyer and Otto, 2024;
Stoffel et al., 2024; Fey et al., 2025; Yang et al., 2026; Magnin et al., 2026). The primary physical process thereby includes a

combination of

(1) deep warming (characteristic depth range tens of meters: Etzelmiiller et al., 2020; Noetzli et al., 2024; Kenner et al.,
2024) of frozen rocks, the strength and stability of which are heavily temperature-dependent (Davies et al., 2001;
Krautblatter et al., 2013; Mamot et al., 2018, 2021);

(2) slow thawing of frozen rocks at the permafrost table (depth range meters) eliminating ice fillings, thereby drastically
reducing cohesion and, together with increasing hydraulic permeability, reducing effective stresses as pore water pressures
can build up;

(3) increasing water content in frozen parts within frozen rocks, especially at temperatures near 0°C (“warm permafrost”);
and

(4) onset of water circulation along open cracks and fissures, thereby percolating into permafrost and accelerating heat

exchange at depth through advection (Weber et al., 2025) and building up high local water pressure (Offer et al., 2025).

While process 4 largely escapes direct measurements in the field for logistic (access) reasons, processes 1, 2 and 3 are
systematically observed within the framework of global permafrost monitoring via borehole temperatures, repeated
resistivity soundings (Hilbich et al., 2008, 2011) and repeated determinations of active layer thicknesses (cf. GTN-P;

https://gtnp.arcticportal.org/). Near-surface temperature for rocks with low ice contents is presently rising at fast rates of

around 5°C per century (Noetzli et al., 2024). The slow process of heat diffusion at depth, however, causes strong and long-
term paleoclimate effects (Noetzli and Gruber, 2009), especially where processes of latent heat exchange are involved. Deep

permafrost warming has indeed now reached depths of many tens of meters (Etzelmiiller et al., 2020).

The observed and ongoing deep warming, which affects temperature-dependent strengths of frozen rock masses, must have
systematically reduced the stability of steep permafrost rock slopes. As a consequence, the frequency of rock-ice avalanches
in icy mountains increases (Ravanel and Deline, 2011; Fischer et al., 2012; Coe et al., 2018). In the central Alps, average
return times of large events with volumes of 10° m* or more reduced from 11 years between 1900 and 1980 to 5 years
between 1980 and 2000 (Fischer et al., 2012; Metzger, 2026, see also https://www.permos.ch/data-portal/rock-falls). Since
the turn of the century, eight more events were recorded: Dents du Midi in 2006, Dents Blanches in 2006 (Fischer et al.,
2012), Cengalo in 2011 and in 2017, Fluchthorn in 2023, Scerscen in 2024 and Blatten in 2025. This further lowered the

mean return time to about 3 years for these large events.
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Google Earth

% i / Imagery,Date: 7/11/2023  10°15'30.12"S 76°55! 23 582W, elev 5327 m '\eyealt 9.12km
Flgure 1: Rasac crest in the Cordlllera Huayhuash Peru, with the 2023 detachment zone (red circle) and the flow trajectory
(dashed arrow) to the former Laguna Rasac. Possible future lakes (blue outlines at the glacier surface) are after Colonia et al.
(2017) and Guardamino et al. (2019). The ice-clad peak at middle-right is Nevado Yerupaja, 6617 m, the second highest summit of
Peru and the highest peak of the Amazon catchment. Background image © Google Earth.

Such landslides mostly occur in remote areas without impacting humans and causing damage to infrastructure (e.g., Rasac,
Peru, Fig. 1). They can, however, also have catastrophic consequences far beyond historical precedence as most recently
recorded at the multi-century old village of Blatten, Swiss Alps (Fig. 2). Where they transform into far-reaching process
chains, they can cause heavy damage over large distances (Walter et al., 2020; Shugar et al., 2021), especially where they
reach new lakes, create impact and flood waves, and lead to the formation of new landslide-dammed lakes (Carey et al.,
2012; Haeberli et al., 2017; Sattar et al., 2023, 2025). Hazard zones can thereby extend to previously safe areas of human

livelihood and infrastructure, thereby increasing risks beyond historical precedence (Fan et al., 2025).

The progressive and long-term worldwide destabilization of frozen high-mountain peaks is a serious consequence of global
warming even though still not recognized by many. There are two reasons for the latter: (1) The processes developing at
depth below mountain surfaces are not directly observable through visual inspection, and (2) they relate to slow heat

diffusion at depth, which is further decelerated by latent heat exchange and decreasing energy availability at depth, in
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combination causing extended delays but also long-term future commitments. A possibility to deal with such communication
challenges is to appreciate the physical processes at play, to utilize numerical modelling of transient thermal conditions in
complex mountain topography (Noetzli and Gruber, 2009), and to connect the results with empirical relations between

changes in negative temperatures and stability.

The following illustrates the possibilities of using such a combined transient modeling of temperature changes and related
thermally induced stability changes inside cold mountains over extended time periods (decades, centuries). We use the
examples of the Rasac crest in the Cordillera Huayhuash of Peru (Fig. 1), where a large rock-ice avalanche took place from a
permafrost slope in February 2023 (Emmer et al., 2025), and of Blatten, Valais Alps, Switzerland (Fig. 2), where a large
rock-ice avalanche from a permafrost slope destabilized a glacier and destroyed a century-old village on 28 May 2025

(Biintgen et al., 2025; Fan et al., 2025).

A brief description is first given of the Rasac site with the 2023 landslide into a moraine-dammed lake, and of the
catastrophic Blatten case in 2025. Present-day thermal conditions at the surface of the mountains are then assessed. This step
needs the application of large-scale climate information and local modifications caused by topo- and microclimatic aspects.
Using this information, past (Little Ice Age, LIA) colder surface temperatures are reconstructed in order to enable transient
forward model calculations of present-day conditions at depth and related temperature and stability changes below surface.
As a next step, corresponding developments for the remaining part of the 21st century can be simulated. Due to the
complexity of the involved geotechnical and hydraulic aspects, the results can only be interpreted in a half-quantitative way
but nevertheless enable important insights. The parameterization and modeling study presented here relates to pre-failure
conditions at a remote site (Rasac 2023, Peru) with sparse available information, and at a site in densely populated
mountains (Blatten 2025, Swiss Alps) with more detailed information. The main objective is to demonstrate procedures that
provide a basic understanding of climate-influenced permafrost — particularly with respect to scales in space and time — and

its relationship to slope stability issues in cold mountainous regions.
2 The sites: Rasac ridge with the 2023 rock-ice avalanche and Blatten with the 2025 rock-ice avalanche

Rasac ridge in the Cordillera Huayhuash of Peru (Fig. 1) is a NNW-SSE oriented, high-altitude, largely ice-clad bedrock
ridge near Nevado Yerupajd, which with its elevation of 6617 m is the second highest summit in Peru and the highest peak
within the Amazon catchment. Emmer et al. (2024) provide a detailed description and analysis of the rock-ice avalanche that

took place in February 2023. Following several small-magnitude precursory events during the five years before failure, a
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Figure 2: Rock-ice avalanche of 28 May 2025 which' destroyed the 'multicentury old villge 0 Blatten, Liitshental, Valais Alps,
Switzerland. The sharp peak in the upper left is Bietschhorn 3934 m, the secondary crest and peak below it, from which the rock
120 falls detached, is Kleines Nesthorn 3341 m. The brownish cloud in the detachment area indicates ongoing rockfall activity. The

landslide-dammed lake at the lower left formed as a consequence of the deposits obstructing the main river of the valley. Photo
Oswisstopo, 30.06.2025
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total volume of about 1.1 to 1.5 million m3 detached at a mean altitude of about 5700 m from the steep slopes (> 45°) of the
rock ridge with rock layers dipping near-parallel to the surface. The final detachment took place in cold permafrost with
present-day mean annual surface temperatures estimated at about -5 to -6°C, while the precursory events started below the
later detachment from only slightly warmer permafrost of perhaps about -4 to -5°C. The total landslide mass with an
estimated ice content by volume of about 10 to 20% fell into Laguna Rasac at the foot of the mountain. The resulting flood

wave and debris flow was contained within the Laguna Gochacotan located 3.5 km downstream (Emmer et al., 2025).

The catastrophic destruction of the historical village of Blatten on 28 May 2025 (Fig. 2) was caused by a process chain
starting with the destabilization of a steep, multimillion m® permafrost rock mass at the secondary peak of Kleines Nesthorn,
leading to a high frequency of minor and major rock falls onto the remnants of Birch glacier at the foot of the destabilized,
rapidly moving and disintegrating frozen rocks. The extreme load exerted by the resulting talus cone of several million m® of
deposited rock-fall debris finally destabilized the possibly polythermal but largely warm-based glacier, triggering a
combined rock-ice avalanche of roughly 9 million m? with a rock to ice volume ratio of about 3:1 (Jacquemart et al., 2026).
The centuries-old village of Blatten was almost completely destroyed. The damming of the valley in response to the ice-rock
avalanche then led to the formation of a lake, impacting additional houses and infrastructure. Monitoring of the slopes had

been initiated prior to the failure, allowing to evacuate Blatten’s inhabitants prior to the catastrophic event.

3 Thermally induced stability changes of permafrost rock walls

Negative temperatures and frozen conditions have a strong influence on the geophysical, mechanical and hydraulic
characteristics of rocks and rock masses (Davies et al., 2001; Krautblatter et al., 2012, 2013; Krautblatter and Leith, 2015).
Freezing-induced increase in tensile and compressive strength of saturated rocks as well as in shear strength of ice-filled
joints is substantial (Pfluger et al., 2025; Mamot et al., 2018). In addition, frozen joints and fractures limit the penetration of
liquid water and reduce advective heat transfer and the development of hydrostatic pressures within the fractured rock mass.
These processes add stability to steep rock slopes of cold mountains. Hence, average slope inclination under such conditions

tends to be especially high (Kiihni and Pfiffner, 2001).

Recent warming-induced degradation of permafrost rocks inverts such long-inherited stabilization effects. It reduces the
shear resistance along rock joints by (i) reducing the fracture toughness of cohesive rock bridges, (ii) increasing pore
pressures in the rock joints, thereby reducing effective stresses, (iii) lowering the friction along rock—rock contacts, (iv)
enhancing the creep and likelihood of creep failure of ice infillings, and (v) reducing the fracture toughness of ice fillings

and of rock—ice contacts (Krautblatter et al., 2013; Kuhn et al., 2025). The strength of ice in fractures especially decreases

6
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where temperature approaches melting conditions of ice. Under such thermal conditions unfrozen water increasingly forms
and interacts with ice and rock in complex ways (Davies et al., 2001; Gruber and Haeberli, 2007; Mamot et al., 2018, 2021;
Kuhn et al., 2025). The full complexity of frozen rock-wall stability remains challenging to analyze in detail, especially for
remote peaks without any in situ measured information. In the following, therefore, the simple and straightforward relation
between Factors of Safety (FoS) and negative temperatures (°C) as derived from centrifuge experiments by Davies et al.
(2001) (see Fig. 3) is used as a proxy in combination with 2D transient geothermal modeling and in a half-quantitative way.
The main purpose is to illustrate long-term and deep-reaching subsurface effects on stability change from global warming.
While the modeled time and depth scales can be considered to be quantitative, the degree of potential stability change must

be seen to be largely relative/qualitative.

6.00 —
50-100 kQm
5.00
4.00
z .
3 linear decrease
s 3.00
g
g
= 200
1.00 -1.5to 0°C:
thermally critical,
0.00 increased water contents
-6 -5 -4 -3 -2 -1 0

Temperature, °C

Figure 3: Stability of frozen rocks with ice-filled clefts as a function of rock temperature from centrifuge experiments; slope angle
=70°, inclination of discontinuity = 40°. The blue zone schematically indicates the characteristic temperature-dependent linear
change in electrical resistivity after Krautblatter et al. (2010); Scandroglio et al. (2021); Mamot et al. (2021); a related change in P-
wave velocities was documented by Krautblatter and Draebing (2014). Modified from Davies et al. (2001).

There are two important aspects in the empirical relation by Davies et al. (2001): its linearity and its strength. The linear-

ity of the temperature/strength function for permafrost rocks is paralleled by strong, quasi-linear relations between negative
temperatures and geophysical properties of frozen rocks: Seismic P-wave velocity (Krautblatter and Draebing, 2014) and
electrical resistivity (Krautblatter et al., 2010; Scandroglio et al., 2021). The key physical effect involved most likely relates
to the formation of a critical amount of “unfrozen water” in pores, microcracks and micro fissures already at negative
temperatures (Krautblatter et al., 2013). Such documented linearity means that warming by a given amount causes the same
change in warm as well as in cold permafrost rocks. This has important consequences for cases with mountain topography as

the highest/coldest parts of ridges or peaks have the largest cumulative warming/weakening potential.
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The observed linearity causes the gradient of negative temperatures versus strength to be approximately constant. The
experiments of Davies et al. (2001) provide a gradient FoS °C! close to 1, reflecting a strong thermal effect on frozen rock
mass stability in parallel to documented strong changes in geophysical properties as explained above. In their detailed
application of thermally induced stability changes to a real mountain (Zugspitze, central Alps), Mamot et al. (2021)
emphasize that the temperature of critical stability strongly depends on the inclination of the main fractures versus the slope
angle. For slope angles > 30° they indicate values of 0.5 to 1 FoS °C"!, which is comparable to the results of Davies et al.
(2001). Mamot et al. (2021) also question as a possible artefact of the laboratory experiments by Davies et al. (2001) the
existence of higher FoS for unfrozen than for ice-filled joints in the temperature range between -1.5 and 0°C. In the

following, this temperature range is understood as a zone of increased effects from water circulating at depth.

The FoS is determined as the ratio between the resisting force and the driving force and can be defined as shown in Equation

1 for an infinite slope, which is used here for simplicity. The planar FoS is defined as

Resisting forces  ¢'L + (W cos 8- U) tan ¢’
FoS = £ = L4 1)

Driving forces W sin 0

where ¢’ is the effective cohesion along the discontinuity, L is the length of the failure plane, W is the weight of the sliding
block, 0 is the dip of the discontinuity, U is the water pressure acting on the discontinuity, and ¢’ is the effective friction

angle along the discontinuity.

Two cases may be evaluated: (i) shear through competent rock and (ii) shearing along a fracture or joint within the rock
mass. The driving force within the competent rock remains unchanged and only the resisting force decreases in response to
the temperature dependent decrease in rock strength. However, this decrease may not be substantial. Multiple processes are
at play simultaneously as the temperature within an ice-filled fracture increases. First, the bond strength between the rock
and the ice decreases as the thickness of the unfrozen water film increases. As warming continues, the water pockets within
the fracture start to connect allowing the generation of pore pressures, which now act as new driving force and reduce the
effective stresses, i.e. reducing the resisting forces. Elevated pore pressures can specifically form locally at temperatures
close to zero degrees centigrade, as completely thawed conditions allow for them to dissipate and the resistance within a
fracture is generated through the friction within that unfrozen joint. This explains why the FoS is generally the lowest at
temperatures just below freezing when partially frozen conditions are present within the rock mass and not when the rock

mass is completely thawed and elevated pore pressure allowed to dissipate.

The increase in pore pressures and in particular the rate at which the pore pressure increases within a rock mass is further
accelerated through the penetration of heat with the water (advection). Depending on the initial temperature of the water and

the characteristics of the rock mass the resulting penetration and impact of increased hydrostatic pressures can be substantial.

8
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It is understood that local conditions vary and the above stated behavior may not always apply, but it highlights the
complexity of evaluating the stability of cold mountain rock masses and the dynamic interaction between ice, water and

rock.

To demonstrate the impact of the hydrostatic pressure in the rock mass stability at varying temperatures we evaluated the
change in hydrostatic pressure that is required in order to reduce the FoS to 1.0 (Equation 1) at varying temperatures and
angles of discontinuities (Fig. 4). We used the temperature dependent material properties for joints in limestone reported by
Mamot et al. (2018). In thawed conditions, using an angle of friction of 35° and Equation 1, the FoS without water pressure
would be 1.0, 1.2, 1.5 and 1.9 for joint angles of 35°, 30°, 25° and 20°, respectively. The water column that would reduce the
FoS to 1.0 would be 0 m, 44 m, 62 m, and 75 m for the four joint angles, respectively. If the joint angle is steeper than 35°,
the rock mass would only be stable under frozen conditions. For example, a joint angle of 35° would become stable at a

temperature of -0.8°C, and an angle of 40° at -1.3°C, assuming there is no pore water pressure.

The combined effect of temperature and pore water pressure is summarized schematically in Fig. 5 where we are looking at
the increase in hydrostatic pressure that is required to cause an instability for different joint angles at different temperatures,

relative to the unfrozen conditions. For example, at a joint angle of 20°, the water pressure must be about

Angle of discontinuity (°)
0 10 20 30 , 40 50 60

Thawed
conditions

Temperature to reach FoS =1 (°C)
o

Figure 4: Temperature required to achieve stable conditions as a function of the discontinuity angle.
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Figure 5: Change in the hydrostatic pressure with respect to unfrozen conditions that would be needed to trigger instability along
a joint for different joint angles.

245
150% of the water pressure in the unfrozen conditions to trigger an instability at a temperature of -7°C. On the other hand, if

the temperature is -0.5°C, a 97% water pressure is sufficient. Our analysis shows that the steeper the joint the more

susceptible the stability becomes to changes in hydrostatic pressure. This is particularly critical close to the melting point of

the ice in the discontinuities. At a temperature of -0.1°C only 45% of the unfrozen hydrostatic pressure would be required to
250 trigger a failure of a 25° slope, while a 30° slope would not even be stable at all, as temperatures need to be -0.4°C or colder

to generate stable conditions even without any pore water pressure.

The analysis underscores the sensitivity of frozen and partially frozen rock masses, noting that the resistance mobilized
within a joint is influenced by geological conditions, temperature variations, and the ability of the rock mass to generate pore

255 pressures along the failure plane.

4 Surface temperatures

260 In order to define complex subsurface temperature fields, surface temperatures must first be estimated. In rugged mountain
topography with highly variable surface conditions, this can be quite challenging, requiring a differentiated procedure to be
applied (Fig. 6). This procedure starts from large-scale and generally low-resolution climate information and related large-
scale to regional-type model calculations of permafrost occurrence under present-day conditions such as, for instance,
Boeckli et al. (2012a, b); Gruber (2012); Kenner et al. (2019); Obu et al. (2019); Baral and Haq (2020); Kim et al. (2024);

265 Pandey et al. (2025). Local topo- and microclimatic aspects must then be considered in order to adjust this general

information for effects of strong local variabilities in rugged topography. The derived surface temperatures provide a basis

10



270

275

280

285

https://doi.org/10.5194/egusphere-2026-2821
Preprint. Discussion started: 6 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

for reconstructing past colder surface temperatures — here the Little Ice Age (LIA) before global warming — and for transient
forward modeling of subsequent thermal evolution when strong paleo-effects persist at depth and influence long-term future

conditions.

4500 - no in situ measurements -
assessment steps:

(4) paleoclimatic effects

\ global warming
2\

4000
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- s s EEm W (1) climatedata,
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==
3\
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3500 - (irradiation
snow redistribution)

----
.

(3) microclimatic effects
(surface characteristics)
3000

Noetzli and Gruber 2009
2500 “L L 1 |

0 1000 2000 3000
width (m)

Figure 6: Principles of assessing present-day surface temperatures for remote peaks without in situ measurements. Modified from
Notzli and Gruber (2009).

Based on the permafrost distribution pattern modeled by BGC (Arenson et al., 2021), cold and deep permafrost is likely
present near the summit of Yerupaja and Rasac (Fig. 7). Regional climate information about high altitude mean annual
temperatures has been analyzed by Schauwecker et al. (2017). The freezing level height, or free air 0°C isotherm, as derived
from multiple data types lies at 4900 m in the Cordillera Blanca to the North and at 5000 m in the Cordillera Vilcanota to the
South. In the Cordillera Blanca, it has been rising by about 30 m per decade over the last 30 years. In the following, the 0°C
annual isotherm is assumed to be 5000 m for the Rasac ridge in the year of the 2023 event. Applying an environmental lapse
rate of 6 = 2 °Ckm™! (Stewart-Jones and Gruber, 2023) provides a rough estimate of the mean annual air temperature at the
altitude of the detachment site at 5700 m of around 4 £+ 2°C (Emmer et al., 2025). This important but low-resolution and

strongly averaged result must be interpreted for local conditions by considering small-scale topo- and microclimatic aspects.
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Figure 7: The group of Yerupaja and Rasac with an overlay of the permafrost distribution map after BGC. The detachment site is
marked with a black circle. Background image Google Earth (Map data © 2026 Google Earth).

Local small-scale conditions as related to energy balance factors depend on topography (topo-climatic effects) and sur-

face conditions (micro-climatic effects). Topography determines surface temperatures via altitude-dependent sensible heat
and primarily aspect-dependent solar irradiation. The N-S difference in solar irradiation, which is predominant at mid-
latitude, can be neglected at very low latitude and for a nearly N-S oriented ridge such as Rasac ridge. A pronounced E-W
difference, however, is strikingly visible (Fig. 1): E-oriented slopes receive intense morning sun at generally low
atmospheric humidity content, while W-oriented slopes are exposed to afternoon sun with often higher humidity content and
clouds. At Rasac ridge like at many other summits — striking examples are, for instance, Pucaranra and Palcaraju above
Laguna Palcacocha, Huaraz — high-altitude W-oriented slopes are often heavily ice-clad, while E-oriented slopes have no or
at least much less ice cover. This, in turn, makes the surface albedo markedly lower on E-exposed slopes than on W-exposed
slopes and, hence, reinforces this latitude-independent effect by enhancing the difference in absorbed direct solar irradiation.
Based on early experience in the European Alps (Keller, 1992, cf. Emmer et al. (2025)), the related thermal difference can
empirically be estimated at about 3°C. Lowering the temperature by half this value (1.5°C) on the colder W-exposed slope
and correspondingly rising it by the same amount on the warmer E-exposed slope results in an estimated temperature at the
2023 detachment of -5.5 £ 2°C but of -2.5 £ 2°C at the same altitude on the warmer E-exposed side of the mountain. Such

thermal asymmetries are quite common at sharp ridges and peaks (Noetzli et al., 2007).

12
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Important additional effects are caused by microclimatic conditions (Fig. 8). Steep slopes with inclinations > 45° are
especially cold, because no thick thermally insulating winter snow cover can form at their surfaces. Where covered by cold
(and often millennia old), frozen-on ice aprons (Ravanel et al., 2023), such slopes are even further cooled down, because
such ice surfaces cannot warm up above but cool down far below 0°C. Such ice aprons are, in fact, excellent and easily
recognizable indicators for rock slope permafrost. Thermally more complicated are hanging glaciers with usually near-
vertical, cold and frozen-on fronts but less inclined firn zones above the fronts. Such hydraulically permeable firn zones,
where meltwater can infiltrate, refreeze and thereby warm up firn bodies at depth are known to be considerably warmer than
massive ice bodies at the same altitude and in many cases are even temperate (Haeberli and Alean, 1985; Suter et al., 2001;
Margreth et al., 2017). The resulting polythermal structure is likely to induce complex thermo-hydraulic conditions (Haeberli
et al., 2004). The detachment zone of the 2023 Rasac event had been covered by strongly cooling ice aprons rather than
thermally more complex hanging glaciers. It can therefore be concluded that the 2023 failure must have taken place within

cold-deep permafrost.

—l Ice aprons
— hanging glaciers

VT R

ST i
B Sk~ Mlimagery|Date:12/4/2022lleyelaltl5:78 KmPe .,

7 R

Figure 8: Surface ice at and around the detachment site of Rasac in the year before the main slide of 2023. Dark blue arrows point
to cold, frozen-on ice aprons, while light blue arrows indicate hanging glaciers with more complex thermal structures. Note
precursory event below later detachment of uppermost slope section with frozen-on ice aprons. Background image © Google Earth.

Permafrost conditions in the destabilized high-altitude rock wall at Kleines Nesthorn above Blatten can be inferred from

numerical climate-related model calculations of permafrost occurrence such as Boeckli et al. (2012a) or Kenner et al. (2019).
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330 The detailed and high-resolution model by Kenner et al. (2019) had been calibrated using borehole temperatures around the
year 2010. It includes estimates of near surface mean annual temperatures in bedrock permafrost with low ice content and

indicates sites of ice-rich permafrost (frozen talus/debris, moraines, rock glaciers).

<-3°C
-2 to -3°C »
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-1 to 2°C § £ '§
e 28
0 to-1°C g E
- %%
1t00°C 2 a
Ice-rich permafrost

possible
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Figure 9: Top: The later destabilized slope (lower center) at Kleines Nesthorn on 24 October 2007 (Image: Marco Volken).
Bottom: Permafrost occurrence and characteristics at the later destabilized slope between Kleines Nesthorn and Birch glacier
after Kenner et al. (2019). The thermally modeled profile is indicated by a red line. Source: SLF permafrost map;
https://www.slf.ch/de/services-und-produkte/permafrost-und-bodeneiskarte

340
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For the north-oriented, now destabilized slope between Kleines Nesthorn and Birch glacier, the model of Kenner et al.
(2019) (map publicly available at https://www.slf.ch/de/services-und-produkte/permafrost-und-bodeneiskarte/) is applied.
This model distinguishes between ice-poor and ice-rich permafrost and was tested for the entire Swiss Alps. A linear
regression formula based on elevation and potential incoming solar radiation for ice-poor ground (bedrock) predicts ground

345 temperatures calibrated with data from borehole measurements around 2010 at multiple depths with an accuracy higher than
0.6 °C. Figure 9 indicates mean near-surface permafrost temperatures at the Kleines Nesthorn slope of less than -3°C on top
to about -1°C at its bottom. Since LIA, the slope has remained free of surface ice (ice aprons, hanging glaciers; cf. old maps
at https://www.swisstopo.admin.ch/en/a-journey-through-time-maps). Birch glacier at the foot of the slope used to be a steep
mountain glacier exerting no major mechanical (buttressing) or thermal influence on the now destabilized slope. During

350 recent years, Birch glacier increasingly disrupted by losing the connection with its former accumulation area (hanging
glacier); before its recent burial and sudden end, it had transformed into what is called a “regenerated glacier” fed through
ice avalanches from the disconnected upper hanging glacier and becoming increasingly debris-covered as a consequence of
rock falls from the later destabilized Nesthorn slope. Warm to potentially even no permafrost is indicated in places at the
sun-exposed south-oriented steep slope directly behind the crest. Such strongly asymmetric thermal conditions with near

355 horizontal heat flow components and the potential access to surface water are characteristic for many ridge sites and peaks of

rugged mountains. Such conditions also offer pathways for complex hydro-geological conditions.

Annual temperature — Switzerland - 1901-2024
departure from the mean 1961-1990
35
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360 Figure 10: Mean annual air temperature in Switzerland 1901-2024: Departure from the mean. Source MeteoSwiss.
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With this information about present temperature conditions, surface temperatures can now be set back to past colder condi-
tions in order to apply transient forward model calculations of present-day conditions as affected by rising global

temperatures but with strongly delayed paleo-effects at depth.

Thermal equilibrium conditions during preindustrial time and the LIA are assumed as a realistic-pragmatic assumption

for assessing impacts from global warming on thermal conditions inside perennially frozen mountains. As no long-term
observations on mean annual air temperatures (MAAT) is available for high altitudes in the Peruvian Cordilleras, well
documented quantitative information from the Swiss Alps is used as a proxy. Around 2010, mean annual air temperature in
Switzerland was about 2°C higher than in the preindustrial time of 1870-1900 and further increased since then by almost 1°C
(https://www.meteoswiss.admin.ch/climate/climate-change.html; (cf. Fig. 10). We use this value as a best estimate for the
temperature difference LIA/2010 and 2023/2025, also for the Rasac site. Rates of change in near-surface temperatures of
bedrock permafrost are similar to those in mean annual air temperature and in non-frozen boreholes (Noetzli et al., 2024).
The latest decade is characterized by extraordinary warming (MAAT about +0.9°C, +0.5°C for bedrock permafrost and non-

frozen ground).

5 Thermal permafrost modeling with rugged topography

We model the two-dimensional thermal evolution of Alpine permafrost using the open-source multi-physics software Elmer
(Raback et al., 2020). The simulations consider heat transfer by conduction only, neglecting latent heat effects associated
with phase changes, as the volumetric fraction of ice or water in pores and fractures is here assumed to be negligible. The

rock mass is treated as a homogeneous and isotropic medium with constant physical properties.

Initial surface temperature conditions incorporate spatial variability related to elevation and to slope aspect (i.e., the orienta-
tion of the rock faces relative to incoming solar radiation and to climatic conditions, see Section 4). Specifically, a
temperature offset of 3 C is prescribed between opposing aspects: north—south faces for Kleines Nesthorn and west—east
faces for Rasac. This parameterization approximates the influence of differential solar irradiance on surface temperatures.
Combined with a reference temperature and an atmospheric lapse rate, this approach defines the initial temperature

distribution along the upper boundary.
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Rasac  Kleines

Nesthorn
Physical property
Density (kgm ™) 2400 2400
Thermal conductivity (W m~* °C~1) 2 2
Specific heat capacity (Jkg™! °C™%) 800 800
Initial conditions
Temperature (west/north) (°C) -7 -5
Temperature (east/south) (°C) —4 -2
Reference elevation (m) 5700 3319
Atmospheric lapse rate (°C km™!) 6 6
Boundary conditions
Geothermal heat flow (mW m~2) 30 65
Lapse rate (°Ckm™1) 6 6
Temperature change 1850-2010 (°C/100y)  1.25 1
Temperature change past 2010 (°C/100y) 6.6 5

Table 1: Rock physical properties for both Rasac and Kleines Nesthorn
395
To solve the two-dimensional temperature field, boundary conditions include a prescribed geothermal heat flux at the base
of the domain and a time-dependent surface temperature forcing. A steady-state solution corresponding to Little Ice Age
(LIA, circa 1850) conditions is first computed. This field is then used as the initial condition for a transient simulation
400 spanning 150 years (1850-2010). For Kleines Nesthorn, the simulation is extended by an additional 15 years (2010-2025)
using a larger surface warming rate. For Rasac, the simulation is extended until 2100. Table 1 summarizes the physical

properties, initial conditions, and boundary conditions used for both Rasac and Kleines Nesthorn.

405 6 Results

The modeled LIA steady-state temperature field for both, Rasac (Fig. 11a) and Kleines Nesthorn (Fig.12a), show cold and
deep permafrost with a pronounced asymmetry: east-west in the case of Rasac and north-south in the case of Kleines
Nesthorn. Near surface temperatures are several degrees below zero and permafrost reaches down to maximum depths of

410 several hundred meters. The two ridges are essentially frozen throughout, including their warm sides.

Forward calculation of present temperature fields from such reconstructed LIA conditions document that global warming
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since preindustrial time induced warming at depth down to roughly about 100 m below surface (Figs. 11b, 12b, ¢). In
accordance with earlier model calculations (Noetzli and Gruber, 2009) and long-term observations of borehole temperatures
(Etzelmiiller et al., 2020; Koenig et al., 2025), strongest increase of subsurface temperatures has taken place in the
uppermost about 50 m below surface (Figs. 11d, e, 12d - f). Vertical temperature gradients and related heat flow strongly

reduced correspondingly.

Figure 13 shows the vertical temperature profile underneath the summit of the Kleines Nesthorn and its first and second
gradients with depth. The thermal profile representative of LIA conditions (around 1850) exhibits a near-constant positive
temperature gradient, consistent with a quasi-equilibrium state between atmospheric forcing and the ground thermal regime;
while such equilibrium conditions likely never existed in a strict sense, they provide a reasonable baseline for the initial
condition of the forward numerical model. Toward more recent years, the progressive reduction of the gradient and its
eventual inversion highlight the pronounced lag of the thermal regime at greater depths in responding to rapidly evolving
atmospheric conditions. The unprecedented atmospheric temperature rise of the 20th and early 21st century further
influences this lag, which is high-lighted in the temporal derivative of the thermal gradient. It demonstrates a marked
acceleration in the rate of gradient change under ongoing global warming. Importantly, this subsurface response is expected
to differ substantially from the approximated linear air-temperature trends observed over recent decades (e.g., 2010 - 2025),
reflecting the depth-dependent thermal inertia of the rock mass. Collectively, these observations indicate that permafrost
temperatures in bedrock are increasingly unable to keep pace with atmospheric warming, marking the onset of significant
thermally driven, and consequentially hydrologically induced, changes in high mountain environments. The presence of
latent heat effects, controlled by the amount of ground ice present mainly in rock fractures, further increases the complexity

of this response by moderating and delaying thermal adjustment rates.

The permafrost base of such cold/deep permafrost, however, still largely remains at its LIA steady-state condition. This
strong, long-term paleoclimatic effect and retardation becomes obvious when the transient temperature field is compared
with a steady-state calculation for modern conditions: Ignoring paleo-effects leads to strong underestimations of permafrost

extents below surface (Figs. 11d and 12d).

In the Rasac case, the only marked change in the permafrost extent is the upward shift of the permafrost lower altitudinal
limit in the lower reaches of the west-oriented slope and in the east-oriented summit slope, inducing near-surface (active
layer) thawing while permafrost in disequilibrium with climatic conditions continues to exist at depth for some time. In the
Nesthorn case, a remarkable change concerns the south-exposed slope, where permafrost may have started to disappear,
thereby facilitating water penetration deep into the mountain. In both cases, however, the LIA permafrost base at depth
largely remained in place. The detachment of the landslides took place within the frozen and still quite cold zone of the

slopes.
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Figure 11: Modeled thermal field at Rasac: (a) Steady-state LIA, (b) transient 2010, (c) transient 2100, (d) paleoclimate effect
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455  Figure 12: Modeled thermal field at Kleines Nesthorn: (a) Steady-state LIA, (b) transient 2010, (c) transient 2025, (d) paleoclimate

effect (transient 2010 minus stead-state 2010, (e) temperature difference between 2010 and LIA, and (f) temperature difference
between 2025 and LIA. Black contour in (a) — (c¢) is 0°C isotherm. North is to the right.
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465

7 Further heating and thermally induced stability change

For the Rasac case, continued warming until the end of the century was calculated using an assumed additional temperature
470

increase of +5 C (Fig. 11c, f). Future warming effects were not calculated for the Kleines Nesthorn because of the massive
change in surface geometry of the slope induced by the destabilization and avalanching. The effect of the extremely warm

years since 2010 was modeled and shown to primarily affect the uppermost about 30 meters below surface (see Fig. 13).
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These extremely warmed up and mechanically weakened frozen rock parts were eliminated by the May 2025 event.

8 Discussion

The results presented here provide a general overview of the spatiotemporal scales related to permafrost thermal conditions
with their warming-induced potential stability reduction of the involved high-altitude frozen rocks. Uncertainties thereby
primarily concern ice contents with their effects on thermal characteristics (diffusivity/conductivity) of the frozen rocks,
latent heat effects due to melting ice components, and influence of pore water as it controls advective heat transfers and
effective stresses. From borehole temperature data in the Swiss Alps, Weber et al. (2025) empirically derive median
diffusivity values of 1.5 + 0.6 mm? s™! for frozen rocks with low ice content and 1.3 + 0.3 mm? s™! for ice-bearing bodies like
ice-supersaturated viscous creep features (rock glaciers) in frozen debris. This provides an assessment of the related
uncertainty ranges. Corresponding sensitivity analyses could be carried out but would have limited effects on the general

characteristics of the here presented results.

Stronger and more uncertain effects must be expected from latent heat exchange through melting of ice in frozen rocks. For
deep/perennial freezing of bedrock after the vanishing of a warm-based glacier (Aletsch), Wegmann et al. (1998) showed
that even small ice contents of 3% and 6% by volume exert strong retarding effects at depth, as it takes five to ten times
more energy to melt even such small amounts of ice compared to simply changing its temperature by one degree. This is
necessitating calculations over millennial time scales for approaching new equilibrium conditions. As quantitative
information about subsurface ice contents is not generally available, considerable uncertainties remain. Sensitivity analyses
should assume higher ice contents in the uppermost about 30 m below surface, where cracks and fissures, often formed by
thermally induced stresses within the rock mass, are largest and most abundant (cf. Krautblatter et al., 2013). Corresponding
effects can be expected to be greatest, where permafrost temperatures are close to 0°C, allowing for ice and unfrozen water
to co-exist. Due to such latent heat effects, permafrost thaw at the sun-exposed slope of Kleines Nesthorn above Blatten (cf.,
Fig. 12b, c) may not yet have been completed, preventing or partially reducing penetration of water at depth. Ice-bearing
rocks have indeed been visually observed there (C. Lambiel and L. Ravanel, personal communication). In the same way,
permafrost thawing at the foot of the north slope may have been less than modeled without ice content. Thawing of
permafrost rocks in warm parts of the slopes in question are, however, likely to continue and to further enable water
infiltration deep inside the mountain generating pore water pressures and reductions in the rock mass stability. This aspect
opens an important but complex and difficult field of thermal, hydrological, and stability analyses, including efficient
advective heat transport at depth with its dramatically different time and depth scales (Haeberli et al., 1997; Gruber and

Haeberli, 2007; Offer et al., 2025). In the commonly existing absence of precise information about high-resolution evolution
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in time of temperatures deep inside past or potential future detachment zones in permafrost rocks, realistic assumptions and

plausibility considerations can be reasonably applied rather than exact treatments.

Such limitations make thermo-hydro-mechanical (THM) analyses of detachment zones of landslides from steep bedrock
permafrost half-quantitative. Corresponding model results nevertheless provide essential insights and help overcoming the
still often lacking awareness about the “hidden phenomenon” of mountain permafrost in the communication with the public,
policy makers, political authorities or scientists from other disciplines. The idea, for instance, that climate-induced
“permafrost thaw” reduces the stability of frozen rock slopes is not wrong but to some degree a misleading simplification. It
is “permafrost degradation”, the integrative effect of deep warming, infiltration of water, and thawing, which is the essential
climate impact. In contrast to complete thawing, which in many cases involves time scales of centuries and millennia, deep
climate-induced warming with related stability changes already takes place within decades and likely continues for centuries
and millennia to come. Simple stability assessment already highlight that the hydrostatic pressures needed to generate
unstable conditions may, depending on the rock mass characteristics, be relatively low. Permafrost depths under present-day
conditions still largely reflect past colder conditions, while temperatures in the upper about 100 meters are determined by

effects of intensive global warming.

Destabilization of steep, perennially frozen rock slopes is a multi-factor phenomenon, where geology, topography, and cli-
mate history together play key roles. For individual cases, therefore, climate-induced permafrost degradation and related
mechanical weakening must be considered to be an important contributing factor but never constitutes the one and only
influence. The situation is different for the development in time of landslide occurrence in cold mountains. In contrast to
geological and topographic effects, the time scale of effects from degrading permafrost reflects the time scale of global
warming. A frequency increase at decadal time scales of large landslides from icy peaks can only be explained by climate
impacts on thermal characteristics and related stability conditions of frozen rock slopes. Statistically quantifying the impact
of climate change on frequency (recurrence times / annual probabilities) and magnitudes of large mass movements remains
challenging because of limitations in the available datasets (Jacquemart et al., 2024). The numerous documented recent
events, however, constitute a serious warning. As atmospheric temperature rise as well as its effects on temperatures at depth
below surface and on the stability of frozen mountain slopes continue, this development could well be irreversible for many

future generations.

9 Conclusions

This study demonstrates that transient, climate-driven thermal evolution of high-mountain permafrost rock walls

fundamentally alters slope stability on different spatial and temporal scales that are directly relevant for present and future
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hazard and risk assessments. Using a semiquantitative modelling framework applied to the Rasac (Peru, 2023) and Blatten
(Swiss Alps, 2025) events, we show that recent large rock-ice avalanches occurred not as a result of complete permafrost
thaw, but within still cold and deep permafrost that has undergone substantial degradation due to long-term warming and

delayed subsurface thermal adjustment.

The results highlight the critical role of paleoclimatic memory. Present-day temperature fields in steep permafrost rock walls
continue to reflect Little Ice Age thermal conditions at depth, while the upper tens of meters respond rapidly to recent
decades of unprecedented atmospheric warming. This topographically driven thermal disequilibrium produces zones of
enhanced mechanical sensitivity, particularly where temperatures approach the melting point of the pore ice and small
changes induce disproportionately large reductions in effective rock-mass strength. Ignoring paleo-effects and assuming
modern steady-state conditions leads to a systematic underestimation of permafrost extent and misrepresentation of stability

conditions at depth.

We demonstrate that low overall ice content does not imply low hazard potential. Even limited amounts of ice within
fractures exert a first-order control on both mechanical behavior response and impact on rock mass hydrology. As warming
progresses, partial thawing promotes the formation of unfrozen water films, enhances permeability, and enables infiltration
of surface and meltwater. Simple stability considerations already indicate that the hydrostatic pressures required to

generate unstable conditions can, depending on fracture geometry and rock-mass properties, be relatively low. Consequently,
thermo-hydro-mechanical (THM) interactions within the rock mass, rather than temperature changes alone, must be regarded

as central to understanding destabilization processes in degrading permafrost rock walls.

The comparison between Rasac and Blatten further underlines that similar physical mechanisms operate across very different
climatic, geological, geographical, and environmental settings. While absolute material properties and boundary conditions
differ, the governing controls, such as warming at depth, delayed thermal response, ice in fractures and fissures, and
hydro-mechanically driven weakening due to pore pressure build-up, remain consistent. This supports the broader
applicability of the presented modelling approach as a process-oriented tool for interpreting past events and identifying

potentially unstable zones in other high-mountain regions.

From a hazard perspective, the observed recent increase in the frequency of large rock-ice avalanches cannot be explained by
geological or topographic factors alone. Changes in recurrence times and annual probabilities on decadal time scales are
most plausibly linked to climate-induced permafrost degradation. While statistical quantification remains challenging due to
limited inventories, the growing number of well-documented events constitutes a clear warning signal. As atmospheric

warming continues, further increases in both rockfall frequency and potentially magnitude must be expected. This is
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particularly concerning for locations where unstable slopes interact with glaciers or lakes and generate cascading process

chains.

Finally, this study underscores the need to better communicate the nature of permafrost-related hazards to practitioners,
policy makers, and affected communities. The destabilization of frozen rock walls is a largely hidden, long-term process
with potentially severe consequences. Incorporating transient permafrost dynamics and coupled thermal-hydrological effects
into hazard assessments is therefore essential for realistic risk assessment and for developing effective adaptation and

mitigation strategies in high-mountain regions under ongoing climate change.
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