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Abstract. Viscous flow features in perennially frozen talus/debris called rock glaciers are being systematically inventoried as 

part of global climate-related monitoring of mountain permafrost. In order to avoid duplication and confusion, guidelines were 

developed by the International Permafrost Association for discriminating between the permafrost-related landform “rock 

glacier” and the glacier-related landform “debris-covered glacier”. In two regions covered by detailed field measurements, the 15 

corresponding data- and physics-based concepts are tested and shown to be adequate. Key physical aspects, which cause the 

striking morphological and dynamic difference between the two phenomena/landforms concern:  

• tight mechanical coupling of the surface material to the frozen rock-ice mixture in the case of rock glaciers as 

contrasting with essential non-coupling of debris to glaciers they cover; 

• talus-type advancing fronts of rock glaciers exposing fresh debris material from inside the moving frozen bodies as 20 

opposed to massive surface ice exposed by increasingly rare advancing fronts of debris-covered glaciers; and  

• increasing creep rates and continued advance of rock glaciers as convex landforms with structured surfaces versus 

predominant slowing down and disintegration of debris-covered glaciers as often concave landforms with primarily 

chaotic surface structure.  

Where debris-covered surface ice is, or has recently been, in contact with thermally-controlled subsurface ice in permafrost, 25 

complex conditions and interactions can develop morphologies beyond simple “either-or”-type landform classification. In such 

cases, remains of buried surface ice mostly tend to be smaller than the lower size limit of “glaciers” as applied in glacier 

inventories, and to be far thinner than the permafrost in which they are embedded. 
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1 Introduction 30 

Application of modern technologies enables climate-related science and long-term monitoring of mountain permafrost on 

Earth to evolve in a rapid, fascinating and important way. Absolute age determination using radiocarbon, luminescence or 

exposure dating (e.g., Haeberli et al., 2003; Fuchs et al., 2013; Krainer et al., 2015; Nesje et al., 2021; Amschwand et al., 2021) 

document the multi-millennial, typically Holocene time scale related to the often-spectacular landforms usually called “rock 

glaciers”, which reflect cumulative deformation through slow viscous creep of perennially frozen talus/debris rich in ice 35 

(Wahrhaftig and Cox, 1959; Haeberli, 1985; Barsch, 1996; Haeberli et al., 2006, Berthling, 2011; Kääb, 2013). Sophisticated 

borehole observations and laboratory experiments together with results from high-precision geodetic-photogrammetric and 

interferometric measurements (e.g., Arenson et al., 2002; Roer et al., 2008; Springman et al., 2012; Cicoira et al., 2021; Kääb 

et al., 2021; Kaufmann et al., 2021; Cusicanqui et al., 2021; Noetzli et al., 2021; Thibert and Bodin, 2022; Fleischer et al., 

2023) provide detailed and crucial quantitative information about the corresponding flow mechanisms and flow fields with 40 

remarkable indications of recent warming-related flow acceleration.  

Increasing creep rates of rock glacier permafrost can be attributed to permafrost warming down to tens of meters 

below surface as systematically measured in boreholes (Harris et al., 2009; Etzelmüller et al., 2020; Hoelzle et al., 2022). 

Warming-induced reduction in strength of subsurface frozen materials parallels increasing amounts of unfrozen water as 

reflected by repeat geophysics (Mollaret et al., 2019; Buckel et al., 2023), a phenomenon and long-term climate impact which 45 

also affects the stability of perennially frozen rock walls (Davies et al., 2001; Gruber and Haeberli, 2007; Krautblatter et al., 

2013; Mamot et al., 2021; Shugar et al., 2021). In striking contrast to enhanced creep rates in rock glacier permafrost, flow 

dynamics in lower parts of debris-covered glaciers are decreasing as a consequence of stronger thinning in their upper boundary 

zone with related reduction of driving stresses (Clayton, 1964; Anderson et al., 2021) and of continued warming-induced ice 

loss. 50 

In its responsibility for the Global Terrestrial Network for Permafrost (GTN-P) as part of the Global Climate 

Observing System (GCOS), the International Permafrost Association (IPA) undertakes focused efforts via an Action Group 

(Rock Glacier Inventories and Kinematics; RGIK/IPA, 2022a, 2022b) to internationally coordinate the development and 

compilation of rock glacier inventories and the long-term monitoring of rock glacier kinematics 

(https://www.unifr.ch/geo/geomorphology/en/research/ipa-action-group-rock-glacier/). This action group consisting of 55 

numerous experts from around the world develops, through consensus, technical guidelines including recommendations on 

how to discriminate the landform “rock glacier” as expression of viscous creep in perennially frozen subsurface materials 

(Haeberli et al., 2006; Cicoira et al., 2021; Arenson et al., 2021) from debris-covered glaciers with their surface ice monitored 

as part of the Global Terrestrial Network for Glaciers (GTN-G). An objective way of differentiating corresponding landforms 

and kinematics is essential in creating clarity when utilizing such landforms to assess where and how climate change impacts 60 

our planet, specifically the cryosphere, or when used in a regulatory/legal context, for example in view of hydrological 

significance; or generally, to avoid confusion and duplication. The present note attempts at testing the proposed technical 
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recommendations/guidelines and at commenting on them using two practical examples: i) the Gruben site in the Swiss Alps 

(Figure 1) and ii) the Yerba Loca Valley in the Chilean Andes (Figure 5). At the Gruben site, detailed and comprehensive field 65 

investigations of permafrost, glaciers and complex contacts between the two have been carried out for more than half a century 

in connection with hazardous lakes and flood-protection work (see for details Haeberli et al., 2001; Gärtner-Roer et al., 2022; 

Wee et al., 2022). While less information exists for the Yerba Loca Valley, it is a valuable site for which some data is available, 

and it helps demonstrating that similar conditions exist in different mountain ranges. 

 70 

2. Terminology, characteristics and guidelines: 

The RGIK documents provide rich, detailed and comprehensive explanations based on consensus of experts from around the 

world. As a short summary of this important source, the following terms and guidelines are adopted here and completed with 

brief notes on principles of surface and subsurface ice with their geophysical characteristics. 

Terms: 75 

Landforms: Rock glaciers are debris landforms generated by the former or current creep of frozen ground (permafrost), 

detectable in the landscape with the following morphologies: front, lateral margins and optionally ridge-and-furrow surface 

topography. In coherence with global glacier inventory standards, the minimum rock glacier size to be included into a global 

compilation should be 0.01 km2. Rock glaciers should not be confused with debris-covered glaciers, which are glaciers partially 

or completely covered by supraglacial debris. The discussion in our invited perspective focusses (a) on patterns of ridges and 80 

furrows as expressions of cohesive flow, and (b) on frontal characteristics rather than lateral margins.  

Surface and subsurface ice:  

The term "glacier" is explicitly defined as “on the land surface” (Cogley et al., 2011), i.e., as surface ice. Therefore, debris-

covered glaciers as contained in glacier inventories are, by definition, surface ice. Characteristic forms of surface ice, here also 

in the sense of debris-covered surface ice, are differentiated between glaciers, glacierets, perennial ice patches and dead ice 85 

bodies, because the term “glacier” is not appropriate for most of the commonly small landforms in question for reasons of size 

(area, elevation range) and dynamics. The definition of the term "permafrost" explicitly relates to thermal conditions of “ground 

(soil or rock and included ice or organic material)” (International Permafrost Association [IPA], 2023), i.e., of subsurface 

materials. Ice contained in permafrost is, therefore, by definition subsurface ice or ground ice, independent of its spatial extent. 

The term permafrost is thereby independent of material characteristics, i.e., it is not a “type of ground” but a definition of its 90 

thermal state. 
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Confusion sometimes arises from the use of the term “glacier” in the misleading but historically established and today generally 

accepted term "rock glacier" as applied to a landform created by subsurface ice under thermal conditions of permafrost. Such 95 

confusion can be avoided by accompanying the term “rock glacier” with process- and material-related expressions like 

“viscous creep features in mountain permafrost”, as done in the title of the present contribution.  

 

Geophysical characteristics: 

Geophysical characteristics of perennially frozen subsurface materials and of massive (debris-covered) surface ice show 100 

marked differences which can be summarized as follows: 

 

Thermal conditions of rock-glacier permafrost are measured in boreholes (Noetzli et al., 2021), by using miniature data loggers 

at shallow depth (PERMOS, 2023), or they can be approximated through applying numerical models based on climate data 

(e.g., Haq and Baral, 2019; Baral and Haq, 2020; Li et al., 2023) optimally in combination and, if possible, supported by 105 

geodetic measurements of flow characteristics to define activity levels (cf. Bertone et al. 2023). Results from extended time 

series document ongoing subsurface warming trends (Etzelmüller et al., 2020). Frozen conditions mostly reach down to depths 

of tens of meters to more than 100 meters. Vertical temperature gradients and heat flow values at depth are strongly reduced 

due to historical and ongoing surface warming. Debris-covered surface ice can be temperate, polythermal or cold. Perennial 

ice patches from avalanche cones or glacierets are most common in connection with rock-glacier permafrost. Such small/thin 110 

and rather static surface ice bodies can be assumed to be predominantly cold, because their ice cannot warm up above 0°C 

during the warm season but cool down far below 0°C during the cold part of the year. 

 

In view of geophysical soundings (e.g., Haeberli and Vonder Mühll, 1996; Hausmann et al., 2007; Hauck and Kneisel, 2008; 

Merz et al., 2015; Pavoni et al. 2021; Halla et al., 2021; de Pasquale et al., 2022), ice-sediment mixtures in rock-glacier 115 

permafrost tend to produce 

 

• strong scatter causing reduced transparency for electromagnetic waves, while homogenous/massive surface ice – 

especially if cold – is highly transparent for radio-echo soundings; 

• heterogenous patterns of seismic P-wave velocities with characteristic values varying mostly between about 2,500 120 

and 4,500 m/s, while homogenous/massive surface ice exhibits more uniform values close to 3600 m/s: 

• heterogenous patterns of electrical D.C. resistivities with characteristic values ranging from about 10 kWm to near 1 

MWm, Herring et al., 2023), in contrast to massive surface ice with characteristic values of 1 to 10 MWm for small 

ice patches and glacierets primarily consisting of superimposed ice, and of >100 MWm for glacier ice from 

warm/wet firn metamorphosis with efficient ion evacuation by percolating meltwater.  125 
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Guidelines for landform interpretation: 130 

In addition to detailed qualitative explanations, RGIK (2022b) provides the following check-list table for discriminating rock 

glaciers from debris-covered glaciers or other forms of surface ice: 

Geomorphological/ 
Kinematic feature 

Rock glacier Debris-covered glacier 

Transverse ridges and furrows Frequent Non-frequent 

Talus-like front Frequent Non-frequent 

Crevasses with exposed ice Non-frequent Frequent 

Abundant thermokarst Non-frequent Frequent 

Abundant supraglacial lakes Non-frequent Frequent 

Ice cliffs Non-frequent Frequent 

Supraglacial streams/channels Non-frequent Frequent 

Subsidence rate ~cm/y-1 ~m/y-1 

Flow field coherence Good (unless too fast) Reduced, due to differential melt 
 

Table 1: Indicative features to distinguish between rock glaciers and debris-covered glaciers (RGIK, 2022b). 

3 Rock glacier and cold debris-covered glacier at the Gruben site 135 

The continuously advancing Gruben rock glacier (Figure 1) with its strikingly coherent flow field is a convex landform 

exhibiting a regular surface pattern of ridges and furrows – here lengthwise following the predominantly extending flow –, 

and has over-steepened talus-like fronts and margins continuously exposing fresh material from the interior parts of the moving 

body. It neither exhibits ice cliffs, nor surface streams, visible crevasses exposing ice or thermokarst/surface lakes as it would 

be characteristic for debris-covered glaciers. Older, as well as recent geophysical soundings document permafrost tens of 140 

meters deep (Figure 2; cf. supplement Figure SUP.-1) and still thermally active in that winter freezing reaches down through 

the active layer to the top of the permafrost (cf. ongoing GST-measurements reported by Gärtner-Roer et al., 2022). As a 

consequence of global warming, however, ground temperatures are currently in strong thermal imbalance, with only slightly 

negative near-surface temperatures and a near-zero vertical geothermal gradient/heat flow at depth as it appears to be 

characteristic for present-day mountain permafrost (Haeberli, 1985, cf. Etzelmüller et al., 2020). These geothermal conditions 145 

have been confirmed for many permafrost sites in the Swiss Alps (Mollaret et al., 2019; Phillips et al., 2020; PERMOS, 2023) 

and are indicative of the degrading state of permafrost at this site causing characteristic rates of surface subsidence (thaw strain 

/ settlement) in the range of centimeters per year. Due to the slow process of heat diffusion with latent heat exchange at depth, 
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complete thawing of the ice-rich rock glacier permafrost would most likely need centuries if not millennia (cf. early 

calculations reported by Haeberli, 1985). 155 

In strong contrast, the continuously slowing-down and decaying debris-covered cold tongue of Gruben glacier 

(Figure 1) with its progressive loss of coherent flow is a concave landform with a chaotic rather than regular surface pattern, 

with diffuse and hardly recognizable frontal and lateral margins but with, in places, local ice cliffs, visible crevasses exposing 

ice and thermokarst/surface lakes. Detailed long-term measurements of horizontal and vertical surface displacements (Gärtner-

Roer et al., 2022) for the past decades document characteristic subsidence rates in the range of tens of centimeters per year due 160 

to ice melting. From earlier measured radio-echo soundings (Haeberli and Fisch, 1984) and borehole temperatures (Haeberli, 

1976), the remaining ice underneath its debris cover can be estimated to be about -1 to -2°C cold and its present-day thickness 

to decrease from a maximum of about 20 m at the upper end of continuous debris cover to zero at the diffuse margins close to 

Lake 1 (Figure 2). Complete vanishing of the presently existing remains of the glacier tongue is most likely a matter of a few 

decades. Subglacial permafrost may presently penetrate into the thick sediment bed (Haeberli and Fisch, 1984) underneath the 165 

rapidly thinning and vanishing cold glacier remains. 

The differences are obvious, and the morphological criteria (steep front and lateral margins, surface pattern with 

ridges and furrows for rock glaciers, etc.) proposed by the IPA action group are adequate: The subsurface ice contained in the 

striking viscous creep feature of Gruben rock glacier is a permafrost (periglacial) phenomenon and as such part of global 

permafrost monitoring. The increasingly indistinctive feature of the down-wasting debris-covered Gruben glacier tongue is a 170 

(glacial) phenomenon of surface ice and as such part of global glacier monitoring. Comparison between the measured 

kinematics of the two features at this site documents strikingly different characteristics and dynamics of the two domains under 

conditions of global warming and highlights the importance of separating these two different features when developing 

inventories. The situation is clear and the differentiated treatment of the two phenomena within the framework of 

internationally coordinated global climate observation perfectly appropriate. Comments are, however, needed concerning two 175 

special aspects: 

• complex contact zones between debris-covered surface ice and thermally controlled subsurface ice; and  

• the sometimes still maintained idea that covering of surface ice by debris alone can produce striking viscous flow 

features called “rock glaciers”. 

4 Complex zones with contacts between surface and subsurface ice 180 

Where mean annual air temperatures are, or have until recently been, below zero centigrade, various types of surface ice - 

especially cold perennial snow fields or ice patches, glacierets and mostly small, cold to polythermal glaciers - can be in contact 

with thermally controlled, creeping ice-rich mountain permafrost, contributing debris and in cases remains of buried ice to 

deeply frozen materials. This had already been recognized by Wahrhaftig and Cox (1959), Fisch et al. (1978), Haeberli (1985) 

or Barsch (1996) and in the meantime became the subject of intense and detailed quantitative investigations by various authors 185 
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(cf., for instance, Kneisel and Kääb, 2006; Bosson and Lambiel, 2016; Monnier and Kinnard, 2017; Bolch et al., 2018; 

Falatkova et al., 2019; Kunz et al., 2021; Vivero et al., 2021; Wee and Delaloye, 2022; Wee et al., 2022). At the Gruben site, 

a former contact zone exists between the polythermal Gruben glacier during its maximum LIA/Holocene advances and the 

permafrost of the Gruben rock glacier (Figure 1; cf., Kääb et al., 1997; Gärtner-Roer et al., 2022). Contacts and interactions 190 

between glaciers and rock glaciers can give rise to a diverse range of landforms, exhibiting a wide spectrum of characteristics. 

These landforms encompass structured surface morphology, such as glacitectonics or back-creep, which can either align with 

or oppose the original stress exerted by the advancing glacier. They can also encompass diffuse and often chaotic topography 

with thermokarst features in degrading or aggrading permafrost. Furthermore, the local surface coarseness can be smoothed 

due to the deposition of fine-grained sediments (Wee and Delaloye, 2022; Kneisel and Kääb, 2007). 195 

Concerning the “transfer” of surface ice to creeping (rock glacier) permafrost, there is no simple or straightforward 

general solution. The Gruben and Yerba Loca examples, however, provide some indications. As mentioned in the caption of 

Figure Sup.-1, the isolated bodies with resistivities in the low MWm range, still existing today on top of near 0°C permafrost 

in the former marginal zone of the LIA glacier are most probably dead ice from the small northern tributary underneath the 

Senggchuppa slope but could also be remains of a buried and frozen avalanche cone at the origin of the photogrammetrically 200 

defined flowlines. The earlier visible surface ice at Yerba Loca cannot be called “glaciers” for reasons of size but are/have 

been perennial ice patches, mostly from avalanche cones. In both cases, Gruben as well as Yerba Loca, the buried ice bodies 

are more or less passively riding on top of thick perennially frozen sediments. The persistence of MWm-buried ice in lower 

parts of rock glaciers are rare exceptions.  

Such complex and highly variable landforms can mostly not be attributed in a straightforward “either-or” scheme to 205 

the terms “rock glacier” or “debris-covered glacier” but constitute what could better be called “complex contact zones of 

(viscous creep in ice-rich) permafrost with remains of buried surface ice”. Various forms of surface ice must thereby be treated 

in a differentiated way – not every piece of surface ice is a “glacier”. A number of potentially interconnected effects and 

processes can take place as related to loading/unloading, reorientation of stress and flow fields, intermittent burial of surface 

ice in frozen debris with, in cases, thermokarst development due to its warming-induced vanishing, penetration of permafrost 210 

into previously unfrozen parts of now exposed glacier beds, etc. Understanding the full spatiotemporal complexity of relations 

and interactions and heat fluxes between surface and ground ice in such areas by far exceeds possibilities of intuitive/simplistic 

landform interpretation from visual or remotely-sensed surface inspection alone. Combinations of sophisticated quantitative 

measurements are needed, especially geophysical soundings, geotechnical drillings with undisturbed core extraction and 

geodetic measurements, in order to define subsurface physical conditions (thermal, hydrological and mechanical; stress 215 

conditions), material properties and characteristics (especially ice content, unfrozen water, cohesion and internal friction) and 

related physical processes (creep, shearing, cumulative long-term deformation, infiltration/advection, latent heat exchange) 

with their changes in time.  

Neither the term “rock glacier” nor the term “debris-covered glacier” would be appropriate for such complex contact 

zones with their characteristically diffuse landforms. A practicable approach for internationally coordinated inventory work to 220 
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deal with such overlapping/combined contact zones still needs development. An important if not decisive aspect may thereby 

be that remains of surface ice buried in permafrost are – as the Gruben and Yerba examples document – mostly smaller than 

the lower size limit applied to the term “glacier” in glacier inventories and much thinner than related permafrost depths (cf. 225 

the Kintole conditions documented in Haeberli, 1985). 

5 Debris-covered glaciers remain debris-covered glaciers 

Few authors continue postulating that the burial of massive surface ice alone, i.e., in the absence or independently of long-

term freezing at depth with its fundamental impact on subsurface material properties, can produce rock glaciers or even that 

rock glaciers are nothing else than debris-covered LIA glaciers (cf. the literature overview provided by Janke and Bolch, 2022, 230 

and the community comments related to our contribution by Harrison and Whalley/Azizi, with response from our side). A 

never discussed implication of these beliefs from the side of intuitive landform interpretation is the rather astonishing, tacit 

assumption that debris-covered glaciers have two options of possible developments: 

(a) they can remain debris-covered glaciers with predominantly chaotic surface structure, slowing down their flow, and 

decaying/disintegrating under conditions of global warming as increasingly concave landforms with diffuse margins; 235 

or 

(b) they can become rock glaciers by maintaining or even accelerating their flow and advance under conditions of 

atmospheric temperature rise, adopting a coherent flow pattern of their surface debris and becoming convex landforms 

with strikingly “organized” surface structures and over-steepened talus-type margins/fronts continuously exposing 

fresh debris (instead of massive ice) from their inner parts. 240 

Option (a) is documented in a rich, quantitative scientific literature (e.g., Iwata et al., 1980; Anderson and Anderson, 2018; 

Mölg et al., 2020; Shokory and Lane, 2023) and needs no further discussion. Version (b), on the other hand, is in full 

contradiction with the wealth of quantitative information available from decade-long sophisticated measurements all over the 

world. It is nevertheless useful to understand the reason why version (b) does not seem to occur in nature and what the physical 

causes are for the striking differences in appearance and dynamic evolution of rock glaciers and debris-covered glaciers. Could 245 

perhaps permafrost and cold ice conditions constitute a possibility for debris-covered glaciers to “learn” how to turn into 

something so strikingly different from what they are initially? 

Debris covers on both, rock glaciers and glaciers, are usually predominantly coarse-grained. Frost-susceptible fine 

material tends to be washed out and/or to accumulate at the bottom of the debris cover/permafrost active layer. In addition, the 

source zones of the debris, which are typically steeper rock faces, favour the generation of coarse material. Excess ice formation 250 

inducing cohesion and reduced internal friction can therefore not take place throughout coarse-grained surface layers. As a 

consequence, material properties of the debris cover themselves can hardly make a decisive difference. Material properties 

exert strong influences where frost-susceptible fines freeze, build up excess ice, and remain frozen. The key for understanding 

the striking difference between the involved processes and structures, therefore, relates to the formation of the ice-debris 
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combination and the corresponding mechanical and thermal coupling between the surface layer of debris and the moving mass 

underneath (Figure 3). While freezing processes induce the formation of ice inside the rock material and, hence, induce a 

tightly interconnected mixture of ice and rock particles, largely pure surface ice in debris-covered glaciers or ice patches forms 

first, and rock components covering it are added independently in a second step as a fundamentally different process and 285 

without any tight connection to the ice. 

6 The key role of ice-debris coupling … 

On rock glaciers, the rock components in the lower part of the “cover”, which includes the thermally defined active layer, 

reach down beyond the permafrost table and are firmly frozen within the creeping mass. Unless the permafrost is in an 

advanced state of degradation, mean annual temperatures just below the permafrost table are substantially colder than zero 290 

centigrade, adding to the strength of this mixed rock-ice layer. The coherent movement pattern of the perennially frozen mass 

at depth with its excess ice in fine material, strong cohesion and reduced internal friction is thereby directly transmitted to the 

rock components of the active layer. Components of the upper active layer, which may intermittently reach positive 

temperatures during summertime, are firmly interlocked with the deeper, frozen-in components and, hence, directly coupled 

with the creep movement of the frozen body underneath. This effect is especially strong in zones of compressing flow, which 295 

generally occurs in lower and flatter reaches of rock glaciers, causing buckle folding and the creation of characteristic arcuate 

transverse ridges and furrows (Frehner et al., 2015). Where movement speeds increase along the flow direction, especially in 

steep root zones of rock glacier flow, extending flow with tensile stresses weakens the interlocking effect between rock 

components at the surface, thereby often making surface structures somewhat diffuse or producing longitudinal rather than 

transverse ridge-and-furrow structures. The decisive fact related to the striking viscous appearance of rock glaciers is the large-300 

scale stress coupling which is transferred from the cohesive creep of the thick perennially frozen body at depth to the partially 

frozen-in and interlocked surface layer. 

Components of the debris cover resting on the surface of massive ice have hardly any contact with the rare major rock 

components inside the ice underneath. They are, therefore, not directly coupled with the movement of the ice underneath but 

typically remain freely mobile at the ice-debris interface (Figure 3). Relative displacements of individual components at 305 

smallest spatial scales are easily possible and tend to follow spatially variable, local melt patterns of the underlying ice (cf., 

Alean et al., 2020), which are further impacted by water flow patterns that develop at the surface of the ice, and thermokarst 

(cryokarst) processes leading to the collapse of the overlying ice (and debris) layers (Thompson et al., 2016; Mölg et al., 2020). 

Rather than coherent flow patterns, the debris cover on glaciers or on other buried massive ice tends to develop chaotic surface 

structures following small-scale features of ground ice melt (cf. Kneib et al., 2023). The mostly chaotic surface structure of 310 

debris-covered glaciers is due to the non-transmission of large-scale stress-coupling from the massive ice body at depth to its 

loose and unconstrained debris cover. This also applies to cold or polythermal ice conditions such as they exist at the Gruben 

site (cf. also Miles et al., 2018 for Khumbu glacier), because the thickness of the debris layer on glaciers (typically decimeters) 
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is mostly much smaller than that of the thermally controlled active layer (typically meters) in the permafrost of rock glaciers. 315 

With other words: debris-covered glaciers have no choice – they remain debris-covered glaciers. 

7 … as visible at advancing fronts … 

A key element for understanding and recognizing the differences between creeping frozen debris and glaciers covered by 

debris is the morphology of over-steepened, advancing fronts (Figure 4).  

Advancing fronts of creeping perennially frozen debris are presently widespread under conditions of atmospheric temperature 320 

rise and related permafrost warming/softening with resulting creep acceleration. Ongoing movements create their characteristic 

talus-like morphology with freshly exposed debris from inside the creeping mass in their over-steepened upper parts (cf., the 

detailed analyses by Wahrhaftig and Cox, 1959; Kääb and Reichmuth, 2005; Kummert et al., 2021). Rock glacier fronts show 

over-steepening in the upper section of the front because of the fines and the suction that is generated within the unsaturated 

sediments of the active layer. The slope of the lower part of the rock glacier front, as clearly visible on Gruben rock glacier 325 

(Figure 4), is typically at the angle of repose of the debris as these sediments accumulate in response to them being released 

from the upper part of the slope. Direct exposures of frozen materials are only observed in connection with extraordinary 

erosional processes such as detachment slides (Haeberli and Vonder Mühll, 1996; Arenson and Jakob, 2015) or extreme fluvial 

erosion (Elconin and LaChapelle, 1997). 

Advancing debris-covered glaciers have become exceptional under conditions of atmospheric temperature rise and 330 

predominating glacier shrinkage. In such increasingly rare cases, massive ice of the flowing glacier is usually visible at near-

vertical fronts where debris cannot accumulate (Figure 4). Massive ice is also often visible at terminal margins of shrinking 

debris-covered glaciers. 

The advantages of interpreting over-steepened fronts of creeping frozen talus/debris can be illustrated with an example 

from the Andes of Chile (Yerba Loca Valley; cf. Marangunic et al., 2022). Numerous typical advancing fronts (yellow arrows 335 

in Figure 5) document active creep behavior of perennially frozen talus as confirmed by animations using recent aerial lidar 

scans (cf., supplement). Near points 4 and 5 in Figure 5, at an elevation of about 4150 m, a mean annual air temperature of -

4.4°C was measured in 2014 and -2.5°C at 0.4 m depth (in the active layer). These temperatures are significantly colder than 

at Gruben. Occurrences of buried massive ice with thermokarst ponds are documented by visual observations and core drilling 

(Ugalde et al., 2018). The landforms 1, 2 and 3 can clearly be defined to be “rock glaciers” with steep fronts/lateral margins 340 

and recognizable ridge-and-furrow surface morphology, while the large debris mass marked with the numbers 4 and 5 neither 

shows clear characteristics of the landform “rock glacier” nor of the landform “debris-covered glacier”. Here, thermokarst 

ponds develop in remains of massive surface ice from perennial ice patches/avalanche cones and small glacierets on top of 

creeping and hydraulically impermeable, perennially frozen materials in deep-reaching permafrost. Three primary conclusions 

can be drawn from this example: 345 
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• Complex or doubtful landforms with combinations of surface ice and frozen ground represent conditions in nature 

that vary beyond limits of “either-or”-type landform categorization.  

• Definition and measurement of material properties, ground thermal regimes and physical processes can provide more 

differentiated insights than applying simple landform schemes. 

• Creep phenomena in mountain permafrost are more widespread than the occurrence of specific rock glacier 360 

landforms. 

8 … and its effects on ice loss as a response to long-term warming trends 

Ice melting and ground thawing processes are again fundamentally different in thermally controlled permafrost as compared 

to debris-covered massive ice (Figure 3; cf. Haeberli and Vonder Mühll, 1996). As a response to surface warming caused by 

changes in time of atmospheric conditions, by creeping out of shadows towards warmer areas in the sun and/or at lower 365 

altitudes, or by a combination of both, active layer thickness on rock glacier permafrost increases and thereby adjusts to (near-

) equilibrium conditions (cf. long-term measurement series reported by PERMOS, 2023). Thawing into the perennially frozen 

ice-rock mixture underneath sets free the necessary debris for active-layer thickening. Thaw settlement primarily results from 

melting of excess-ice within the frozen debris, i.e., the ice occupying space within the frozen subsurface matter that exceeds 

the naturally available pore space, while melting of ice within its pore space alone would not lead to settlement. This process 370 

coupling is among the principal reasons for the remarkably low subsidence rates typically observed during recent decades on 

rock glacier permafrost (Fey and Krainer, 2018; Vivero et al., 2021; Gärtner-Roer et al., 2022). Latent heat effects (energy 

required to melt ice), together with the increasing thermal protection of permafrost as active layer thickness increases, make 

the response to climate change through degradation of ice-rich permafrost extremely slow. Further, a thickening of the coarse 

active layer has a substantial impact on the heat transfer between the atmosphere and the permafrost. First, the thermal 375 

resistance of the active layer increases as the thickness of the typically unsaturated debris layer increases. Air has a much lower 

thermal conductivity than ice or frozen ground (e.g., Andersland and Ladanyi, 2003; Arenson et al., 2021), which is why the 

thermal conductivity of the active layer tends to decrease as a result of permafrost degradation, contrasting the cover of a 

debris-covered glacier that cannot change its thermal resistance over time. Secondly, and potentially more importantly, a 

thickening of the dry and coarse active layer allows increased air flow and with that additional cooling through air convection 380 

(Wicky and Hauck, 2020). The Rayleigh number, which describes the potential and the strength of natural convection in porous 

media (Kane et al., 2001; Nield and Bejan, 2017), is directly dependent on the thickness of the active layer. As illustrated in 

Figure 3, natural convection can increase, or start to form over time in thickening active layers of degrading rock-glacier 

permafrost, but remains unchanged for a debris covered glacier.  

The debris cover on glaciers or buried massive ice tends to be much thinner than the active layer on permafrost 385 

(Figure 4, cf. McCarthy et al., 2022), providing much smaller insulation capacity and potential for cooling effects by air 

convection. Most importantly, however, it can generally not significantly increase in thickness as a consequence of ice melting 
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alone, because no significant mass of debris is provided from the vanishing of the underlaying massive ice. Assuming 0.1% 

average debris content inside the ice as an upper-end value based on Bozhinskiy et al. (1986), Nakawo et al. (1986), Kirkbride 

and Deline (2013), Miles et al. (2021) or Anderson et al. (2021), the melting of a 100m column of ice would result in a 405 

thickening of surface debris by only 10cm. Continued warming therefore unavoidably leads to marked thermal imbalance and 

irreversible ice melting with enhanced surface subsidence until complete vanishing of the covered massive ice. The melting of 

ice thereby has a heterogenous spatial pattern as it directly responds to the highly variable thickness of the debris cover with 

its spatially heterogenous sources from rock falls, debris flows or various local displacements, furthered through ice melting 

caused by thermal and mechanical erosion through water flow at the ice surface (Iwata et al., 1980; Mölg et al., 2020). This is 410 

in strong contrast with the thermally controlled active layer of rock glacier permafrost, which responds to climatic conditions 

in a much more homogeneous way. As a logical consequence, for which more measured evidence is still needed, bodies of 

massive ice buried in rock glacier permafrost are expected to disappear more quickly in response to warming surface conditions 

than surrounding frozen debris which can continue to exist over extended time periods (centuries, millennia). This may be the 

primary reason why such massive buried ice seems to primarily occur, if at all, in upper reaches of presently existing rock 415 

glaciers (Haeberli and Vonder Mühll 1996; cf. Bosson and Lambiel, 2016) and hardly ever appears at advancing fronts. 

The here-described material-process coupling causes the striking difference in the response of rock glaciers and 

debris-covered glaciers to ongoing atmospheric warming trends. It constitutes another reason why debris-covered glaciers have 

no choice – they can be in contact with creeping frozen materials but cannot, by themselves, become rock glaciers. They 

remain debris-covered glaciers even under permafrost conditions with cold or polythermal ice, and can quite easily be 420 

discriminated from the remarkable viscous creep features usually called rock glaciers. The technical guidelines developed by 

RGIK/IPA (2022a, 2022b) rightly state that confusion between the two phenomena must be avoided. This is of particular 

importance when assessing and projecting how different components of the cryosphere respond to climate change and in the 

context of their hydrological role within a watershed. 

9 Summary and recommendation 425 

A combination of striking morphological, thermal and dynamic characteristics makes the difference between rock glaciers as 

viscous creep features in mountain permafrost and debris-covered glaciers (and smaller forms of surface ice) under conditions 

of ongoing global warming: convex versus concave shape, sharp versus diffuse edges, structured versus chaotic surfaces, 

continued coherent flow and advance versus slowing-down, disintegration and down-wasting. The test at Gruben and Yerba 

Loca illustrates the applicability of such criteria in concrete climate-related inventory and monitoring work and confirms limits 430 

and complexities of landform interpretation needing further exploration. 

The rich available quantitative knowledge basis from borehole and geophysical data in combination with advanced material-

/process-related understanding enables safe and straightforward discrimination between rock glaciers as viscous creep 
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phenomena in ice-rich mountain permafrost and debris-covered glaciers. The corresponding strategies recommended by 

experts of the International Permafrost Association are informed by and developed based on the process understanding and 

rich quantitative knowledge basis from numerous sophisticated field investigations using advanced technologies. They are 

clear and easy to follow, and may be especially helpful in cases when inventories are being compiled without comprehensive 440 

site investigations including geophysical soundings or boreholes. The treatment within internationally coordinated global 

climate observation of thermally controlled subsurface ice in rock glaciers as part of the Terrestrial Network for Permafrost 

(GTN-P) and of surface ice in debris-covered glaciers as part of the Terrestrial Network for Glaciers (GTN-G) is fully 

appropriate and such a differentiation shall be followed into the future. 

Complex contact zones of surface ice (mostly thin perennial snow and ice patches, glacierets or small glaciers) with creep 445 

phenomena in ice-rich permafrost, however, in cases constitute diffuse landforms beyond “either-or”- type landform 

classification. Investigating the thereby involved relations and interactions is a challenging research field beyond attribution 

of simplistic “origins” to landforms. Exploring contacts and combinations of surface and subsurface ice with their strikingly 

different response characteristics concerning atmospheric warming is now indeed a growing field of advanced research. It 

involves quantitative treatment of the involved material properties and processes. This by far exceeds the possibilities of 450 

speculative interpretations based alone on visual surface inspection. A recent example illustrating the potential of multimethod 

field measurements to be used in such complex cases is the comprehensive investigation at the Chauvet site in the French Alps 

(Cusicanqui et al. 2023).  

 

The key physical phenomenon relates to the fundamentally different distribution of ice and debris: subsurface frozen ice-rock 455 

mixtures in rock glaciers versus massive ice with debris on top in debris-covered surface ice. The related mechanical coupling 

between the moving body at depth and the surface layer of debris is tight in the case of perennially frozen rock glaciers but 

virtually inexistent in the case of surface ice with a debris cover. The strikingly different morphologies of advancing fronts of 

rock glaciers and of debris-covered glaciers result from this difference and are in most cases easily recognizable. The difference 

in ice-debris distribution also explains the extreme contrast in reactions to global warming: Slow thaw subsidence, increasing 460 

creep rates and continued advance in the case of warmed-up and softened frozen debris/talus in rock glaciers versus down-

wasting, slowing down and disintegration/collapse/vanishing of debris-covered glaciers. 

 

Data availability: Results from ongoing field measurements carried out by JW at the Gruben site are planned to soon be 

published in detail. 465 

 

Team list and author contribution: WH and LA developed the original concept and prepared a first draft. JW and CH provided 

information about the most recent field campaign at the Gruben site. All co-authors were actively involved in the discussion 

and in the preparation of the submitted version. 

Moved (insertion) [1]

Deleted:  clear and easy to follow. s 470 
Formatted: Font: Not Italic

Moved up [1]: recommended by experts of the International 
Permafrost Association are clear and easy to follow. 

Deleted:  

Deleted:  materials and processes with their

Deleted:  simplistic landform475 
Formatted: Font: Not Italic

Formatted: Font: Not Italic

Formatted: Font: Not Italic

Deleted: ¶

Formatted: Font: Italic, Font colour: Text 1

Formatted: Indent: First line:  0 cm
Deleted:  surface

Deleted: glaciers

Deleted: , including NM, 



14 
 

 480 

Competing interests. At least one of the (co-)authors is a member of the editorial board of The Cryosphere. 

 

 
Acknowledgements 
 485 

We appreciate and support the ongoing efforts undertaken by the International Permafrost Association (IPA) to compile 

systematic and worldwide inventories of viscous creep features in mountain permafrost – the so-called “rock glaciers” with 

their warming-related kinematics. The intention of the present contribution is to publicly and critically reflect and strengthen 

the data- and physics-based concepts thereby developed and their application within the framework of the Global Terrestrial 

Network for Permafrost (GTN-P/GCOS) as part of integrated global cryosphere observation. We especially thank the 490 

numerous colleagues who continue contributing to this important work by documenting solid facts using advanced 

technologies and process understanding. An anonymous reviewer and Adriano Ribolini provided constructive feedback to our 

contribution, and Tobias Bolch edited it. 

 

References 495 

Alean, J., Schwendener, L. and Zemp, M.: Migrating boulders on the surface of Alpine valley glaciers. Geografiska Annaler 

Series A, Physical Geography, 103 (21), 1-16. https://doi.org/10.1080/04353676.2020.1850064, 2020. 

Amschwand, D., Ivy-Ochs, S., Frehner, M., Steinemann, O., Christl, M. and Vockenhuber, C.: Deciphering the evolution of 

the Bleis Marscha rock glacier (Val d’Err, eastern Switzerland) with cosmogenic nuclide exposure dating, aerial image 

correlation, and finite-element modelling. The Cryosphere, 15, 2057–2081. https://doi.org/10.5194/tc-15-2057-2021, 500 

2021. 

Andersland, O.B. and Ladanyi, B.: Frozen Ground Engineering (2nd ed.). Wiley, 2003. 

Anderson, L.S. and Anderson, R.S.: Debris thickness patterns on debris-covered glaciers. Geomorphology, 311, 1-12. 

https://doi.org/10.1016/j.geomorph.2018.03.014, 2018. 

Anderson, L.S., Armstrong, W.H., Anderson, R.S., Scherler, D. and Peter, E.: The causes of debris-covered glacier thinning: 505 

Evidence for the importance of ice dynamics from Kennicott Glacier, Alaska. Frontiers in Earth Science, 9:680995. 

https://doi.org/10.3389/feart.2021.680995, 2021. 

Arenson, L.U. and Jakob, M.: Periglacial Geohazard Risks and Ground Temperature Increases. In: Engineering Geology for 

Deleted: ¶
¶510 

Deleted: doi:10

Deleted: ¶

Deleted: doi.org/10

Deleted: ,
Deleted: . 2003.515 
Deleted: .

Formatted: mixed-citation

Deleted: doi:10

Deleted: doi.org/10

Deleted: Anderson, R.S., Anderson, L.S., Armstrong, W.H., 
Rossi, M.W. and Crump, S.E.: Glaciation of alpine valleys: The 520 
glacier – debris-covered glacier – rock glacier continuum. 
Geomorphology 311, 127-142. 
doi.org/10.1016/j.geomorph.2018.03.015, 2018.¶



15 
 

Society and Territory - Volume 1, pp. 233-237. https://doi.org/10.1007/978-3-319-09300-0_44, 2015.  

Arenson, L.U., Hoelzle M., and Springman, S.: Borehole deformation measurements and internal structure of some rock 525 

glaciers in Switzerland. Permafrost and Periglacial Processes, 13 (2), 117-135, 2002. 

Arenson, L.U., Colgan, W. and Marshall, H.P.: Physical, thermal and mechanical properties of snow, ice, and permafrost. In: 

Haeberli, W., Whiteman, C. (Eds.), Snow and Ice-Related Hazards, Risks, and Disasters. Elsevier, 35–71, 2021. 

Baral, P. and Haq, M.A.: Spatial prediction of permafrost occurrence in Sikkim Himalayas using logistic regression, random 

forests, support vector machines and neural networks. Geomorphology, 371, 107331. 530 

https://doi.org/10.1016/j.geomorph.2020.107331, 2020. 

Barsch, D.: Rockglaciers: Indicators for the Present and Former Geoecology in High Mountain Environments. Springer, Berlin, 

331pp, 1996. 

Berthling, I. Beyond confusion: Rock glaciers as cryo-conditioned landforms. Geomorphology, 131, 98–106. 

https://doi.org/10.1016/j.geomorph.2011.05.002, 2011. 535 

Bertone, A., Jones, N., Mair, V., Scotti, R., Strozzi, T. and Brardinoni, F.: A climate-driven, altitudinal transition in rock 

glacier dynamics detected through integration of geomorphological mapping and InSAR-based kinematics. The 

Cryosphere Discussion. https://doi.org/10.5194/tc-2023-143, 2023. 

Bolch, T., Rohrbach, N., Kutusov, S., Robson, B.A. and Osmonov, A.: Occurrence, evolution and ice content of ice-debris 

complexes in the Ak-Shiirak, Central Tien Shan, revealed by geophysical and remotely-sensed investigations. Earth 540 

Surface Processes and Landforms, 44 (1), 129-143. https://doi.org/10.1002/esp.4487, 2018. 

Bosson, J.B. and Lambiel, C.: Internal structure and current evolution of very small debris-covered glacier systems located in 

Alpine permafrost environments. Frontiers in Earth Science, 4 (39). https://doi.org/10.3389/feart.2016.00039, 2016.  

Bozhinskiy, A.N., Krass, M.S. and Popovnin, V.V.: Role of debris cover in the thermal physics of glaciers. Journal of 

Glaciology, 32 (111), 255-266. https://doi.org/10.3189/S0022143000015598, 1986. 545 

Buckel, J., Mudler, J., Gardeweg, R., Hauck, C., Hilbich, C., Frauenfelder, R., Kneisel, C., Buchelt, S., Blöthe, J.H., Hördt, A. 

and Bücker, M.: Identifying mountain permafrost degradation by repeating historical ERT-measurements. The 

Cryosphere, 17, 2919-2940. https://doi.org/10.5194/tc-17-2919-2023, 2023. 

Cicoira, A., Marcer, M., Gärtner-Roer, I., Bodin, X., Arenson, L.U. and Vieli, A.: A general theory of rock glacier creep based 

Deleted: (550 
Deleted: )
Deleted: doi.org/10

Formatted: Font: Not Italic

Formatted: Font: Not Italic

Formatted: Font: Not Italic

Formatted: Font: Not Italic

Formatted: Font: Not Italic

Formatted: Font: Not Italic

Formatted: Font: Not Italic

Deleted: doi.org/10

Formatted: Font colour: Auto

Deleted: doi.org/10

Deleted: doi: 10555 

Deleted: doi.org/10

Deleted:  Discussions.

Deleted: doi.org/10

Deleted: 022

Deleted: 7560 



16 
 

on in situ and remote sensing observations. Permafrost and Periglacial Processes, 32 (1), 139-153. 

https://doi.org/10.1002/ppp.2090, 2021. 

Clayton, L.: Karst topography on stagnant glaciers. Journal of Glaciology, 5, 107–112. 

https://doi.org/10.3189/s0022143000028628, 1964. 

Cogley, J. G., Hock, R., Rasmussen, L. A., Arendt, A. A., Bauder, A., Braithwaite, R. J., Jansson, P., Kaser, G., Möller, M., 565 

Nicholson, L., and Zemp, M.: Glossary of Glacier Mass Balance and Related Terms, IHP-VII Technical Documents in 

Hydrology No. 86, IACS Contribution No. 2. P. UNESCO-IHP, Paris, 2011. 

Cusicanqui, D., Bodin, X., Duvillard, P.-A., Schoeneich, P., Revil, A., Assier, A., Berthet, J., Peyron, M., Roudnitska, S. and 

Rabatel, A.: Glacier, permafrost and thermokarst interactions in Alpine terrain: Insights from seven decades of 

reconstructed dynamics of the Chauvet glacial and periglacial system (Southern French Alps). Earth Surface Processes 570 

and Landforms, 48 (13), 2595-2612. https://doi.org/10.1002/esp.5650, 2023. 

Cusicanqui, D., Rabatel, A., Vincent, C., Bodin, X., Thibert, E. and Francou, B.: Interpretation of volume and flux changes of 

the Laurichard rock glacier between 1952 and 2019, French Alps. Journal of Geophysical Research: Earth Surface, 126, 

e2021JF006161. https://doi.org/10.1029/2021JF00616, 2021. 

Davies, M.C.R., Hamza, O. and Harris C.: The effect of rise in mean annual temperature on the stability of rock slopes 575 

containing ice-filled discontinuities. Permafrost and Periglacial Processes, 12, 69-77, 2021. 

de Pasquale, G., Valois, R., Schaffer, N. and MacDonell, S. : Contrasting geophysical signatures of a relict and an intact 

Andean rock glacier. The Cryosphere, 16 (5), 1579-1596. https://doi.org/10.5194/tc-16-1579-2022, 2022. 

Halla, C., Blöthe, J.H., Tapia Baldis, C., Trombotto Liaudat, D., Hilbich, C., Hauck, C. and Schrott, L.: Ice content and 

interannual water storage changes of an active rock glacier in the dry Andes of Argentina. The Cryosphere, 15 (2), 580 

1187-1213. https://doi.org/10.5194/tc-15-1187-2021, 2021. 

Haq, M.A. and Baral, P. : Study of permafrost distribution in Sikkim Himalayas using Sentinel-2 satellite images and logistic 

regression modelling. Geomorphology, 333, 123-136. https://doi.org/10.1016/j.geomorph.2019.02.024, 2019. 

Hauck, C., & Kneisel, C. (2008). Applied Geophysics in Periglacial Environments. Cambridge University Press. 

https://doi.org/10.1017/cbo9780511535628 585 

Elconin, R.F. and LaChapelle, E.R.: Flow and internal structure of a rock glacier. Journal of Glaciology, 43 (144): 238-244, 

1997. 

Deleted: doi.org/10

Deleted: doi:10

Formatted: No underline

Formatted: English (CAN)

Deleted: doi.org/10590 
Formatted: Font: Not Italic

Formatted: Font: Not Italic

Formatted: Font: Not Italic

Formatted: Font: (Default) +Headings (Times New Roman),
Not Italic

Formatted: Font: (Default) +Headings (Times New Roman),
Not Italic

Formatted: Font: (Default) +Headings (Times New Roman),
Not Italic

Formatted: Font: (Default) +Headings (Times New Roman),
Not Italic

Formatted: Font: (Default) +Headings (Times New Roman),
Not Italic

Formatted: Font: Not Italic

Formatted: Font: Not Italic

Formatted: Font: Not Italic

Formatted: Font: Not Italic

Formatted: Font: Not Italic

Formatted: Font: Not Italic

Formatted: Font: Not Italic

Formatted: Font colour: Blue, English (CAN)

Formatted: Font: Not Italic

Formatted: Font: Not Italic

Formatted: Font: (Default) +Headings (Times New Roman)



17 
 

Etzelmüller, B., Guglielmin, M., Hauck, C., Hilbich, C., Hoelzle, M., Isaksen, K., Noetzli, J., Oliva, M. and Ramos, M.: 

Twenty years of European mountain permafrost dynamics – the PACE legacy. Environmental Research Letters, 15, 

104070. https://doi.org/10.1088/1748-9326/abae9d, 2020. 

Falatkova, K., Šobr, M., Neureiter, A., Schöner, W., Janský, B., Häusler, H., Engel, Z. and Beneš, V.: Development of 

proglacial lakes and evaluation of related outburst susceptibility at the Adygine ice-debris complex, northern Tien Shan. 595 

Earth Surface Dynamics, 7, 301–320. https://doi.org/10.5194/esurf-7-301-2019, 2019. 

Fey, C. and Krainer, K.: Analyses of UAV and GNSS based flow velocity variations of the rock glacier Lazaun (Ötztal Alps, 

South Tyrol, Italy). Geomorphology, 365, 107261. https://doi.org/10.1016/j.geomorph.2020.107261, 2018. 

Fisch, W. sen., Fisch, W. jun. and Haeberli, W.: Electrical D.C. resistivity soundings with long profiles on rock glaciers and 

moraines in the Alps of Switzerland. Zeitschrift für Gletscherkunde und Glazialgeologie, 13 (1/2), 239-260, 1978. 600 

Fleischer, F., Haas, F., Altmann, M., Rom, J., Knoflach, B. and Becht, M.: Combination of historical and modern data to 

decipher the geomorphologic evolution of the Innere Ölgruben rock glacier, Kaunertal, Austria, over almost a century 

(1922-2021). Permafrost and Periglacial Processes, 34, 3-21. https://doi.org/10.1002/ppp.2178, 2023. 

Frehner, M., Ling, A.H.M. and Gärtner-Roer, I.: Furrow-and-ridge morphology on rockglaciers explained by gravity-driven 

buckle folding: a case study from the Murtèl rockglacier (Switzerland). Permafrost and Periglacial Processes, 26 (1), 605 

57–66. https://doi.org/10.1002/ppp.1831, 2015. 

Fuchs, M.C., Böhlert, R., Krbetschek, M., Preusser, F. and Egli, M.: Exploring the potential of luminescence methods for 

dating Alpine rock glaciers. Quaternary Geochronology, 18, 17-33. https://doi.org/10.1016/j.quageo.2013.07.001, 

2013.  

Gärtner-Roer, I., Brunner, N., Delaloye, R., Haeberli, W., Kääb, A. and Thee, P.: Glacier-permafrost relations in a high-610 

mountain environment: 5 decades of kinematic monitoring at the Gruben site, Swiss Alps. The Cryosphere, 16, 2083-

2101. https://doi.org/10.5194//tc-16-2083-2022, 2022. 

Gruber, S., and Haeberli, W.: Permafrost in steep bedrock slopes and its temperature-related destabilization following climate 

change. Journal of Geophysical Research, 112, F02S18. https://doi.org/10.1029/2006JF000547, 2007. 

Haeberli, W.: Eistemperaturen in den Alpen. Zeitschrift für Gletscherkunde und Glazialgeologie, XI/2, 203-220, 1976. 615 

Haeberli, W.: Creep of mountain permafrost: internal structure and flow of Alpine rock glaciers. Mitteilung VAW/ETHZ, 77, 

142pp, 1985. 

Deleted: doi.org/10

Deleted: doi.org/10

Deleted: doi.org/10620 

Deleted: doi10

Deleted: doi.org/10

Deleted: doi.org/10

Deleted: doi.org/10

Field Code Changed

Formatted: German (Switzerland)

Deleted: doi:10625 



18 
 

Haeberli, W. and Fisch, W.: Electrical resistivity soundings of glacier beds: a test study on Grubengletscher, Wallis, Swiss 

Alps. Journal of Glaciology, 30 (106), 373-376, 1984. 

Haeberli, W. and Vonder Mühll, D.: On the characteristics and possible origins of ice in rock glacier permafrost. Zeitschrift 

für Geomorphologie, N.F., 104, 43-57, 1996. 

Haeberli, W., Kääb, A., Vonder Mühll, D. and Teysseire, Ph.: Prevention of outburst floods from periglacial lakes at 630 

Grubengletscher, Valais, Swiss Alps. Journal of Glaciology, 47 (156), 111-122, 2001. 

Haeberli, W., Brandovà, D., Burga, C., Egli, M., Frauenfelder, R., Kääb, A. and Maisch, M.: Methods for absolute and relative 

age dating of rock-glacier surfaces in alpine permafrost. ICOP 2003 Permafrost: Proceedings of the Eighth International 

Conference on Permafrost, 21-25 July 2003, Zurich, Switzerland, A.A. Balkema Publishers, Vol. 1, 343-348, 2003. 

Haeberli, W., Hallet, B., Arenson, L., Elconin, R., Humlum, O., Kääb, A., Kaufmann, V., Ladanyi, B., Matsuoka, N., 635 

Springman, S. and Vonder Mühll, D.: Permafrost creep and rock glacier dynamics. Permafrost and Periglacial 

Processes, 17 (3), 189-214. https://doi.org/10.1002/ppp, 2006. 

Halla, C., Blöthe, J.H., Tapia Baldis, C., Trombotto Liaudat, D., Hilbich, C., Hauck, C. and Schrott, L.: Ice content and 

interannual water storage changes of an active rock glacier in the dry Andes of Argentina. The Cryosphere, 15 (2), 

1187-1213. https://doi.org/10.5194/tc-15-1187-2021, 2021. 640 

Harris, C., Arenson, L.U., Christiansen, H.H., Etzelmüller, B., Frauenfelder, R., Gruber, S., Haeberli, W., Hauck, C., Hoelzle, 

M., Humlum, O., Isaksen, K., Kääb, A., Kern-Lütschg, M.A., Lehning, M., Matsuoka, N., Murton, J.B., Nötzli, J., 

Phillips, M., Ross, N., Seppälä, M., Springman, S.M. and Vonder Mühll, D.: Permafrost and climate in Europe: 

Monitoring and modelling thermal, geomorphological and geotechnical responses. Earth-Science Reviews, 92, 117-

171, 2009. 645 

Hauck, C., and Kneisel, C.: Applied Geophysics in Periglacial Environments. Cambridge University Press. 

https://doi.org/10.1017/cbo9780511535628, 2008. 

Hausmann, H., Krainer, K., Brückl, E., and Mostler, W. :  Internal structure and ice content of Reichenkar rock glacier (Stubai 

Alps, Austria) assessed by geophysical investigations. Permafrost and Periglacial Processes, 18(4), 351-367, 2007. 

Herring, T., Lewkowicz, A.G., Hauck, C., Hilbich, C., Mollaret, C., Oldenborger, G.A., Uhlemann, S., Farzamian, 650 

M., Calmels, F. and Scandroglio, R.: Best practices for using electrical resistivity tomography to investigate permafrost. 

Permafrost and Periglacial Processes, 34 (4), 494-512. https://doi.org/10.1002/ppp.2207, 2023. 

Deleted: doi: 10

Formatted: Indent: Left:  0 cm, Hanging:  1 cm, Space After:
 12 pt, No widow/orphan control, Don't adjust space between
Latin and Asian text, Don't adjust space between Asian text
and numbers

Formatted: No underline

Formatted: No underline

Formatted: Font colour: Auto, English (UK)

Deleted: ¶

Moved (insertion) [2]

Field Code Changed

Deleted: doi.org/10655 

Formatted: Font: Not Italic
Deleted: ¶

Formatted: No underline

Formatted: No underline

Formatted: No underline

Formatted: No underline

Formatted: No underline

Formatted: No underline

Formatted: No underline

Formatted: No underline

Formatted: No underline

Formatted: No underline

Formatted: No underline

Formatted: No underline

Formatted: No underline

Formatted: No underline

Formatted: No underline

Formatted: No underline

Formatted: No underline

Formatted: English (CAN)



19 
 

Hilbich, C., Hauck,C., Mollaret, C., Wainstein, P.A. and Arenson, L.U.: Towards acucurate quantification of ice conten in 

permafrost of the Central Andes – Part 1: Geophysics-.based estimates from three different regions. The Cryosphere, 

16 (5),  1845-1872. https://doi.org/10.5194/tc-16_1845-2022, 2022. 

Hoelzle, M., Hauck, C., Mathys, T., Noetzli, J., Pellet, C. and Scherler, M.: Long-term energy balance measurements at three 660 

different mountain permafrost sites in the Swiss Alps. Earth System Science Data, 14, 1531-1547. 

https://doi.org/10.5194/essd-14-1531-202, 2022. 

International Permafrost Association [IPA] (2023). What is Permafrost? https://www.permafrost.org/what-is-permafrost, 

accessed, August 2023. 

Iwata, S., Watanabe, 0. and Fushimi, H.: Surface morphology in the ablation area of the Khumbu glacier. Seppyo, Journal of 665 

the Japanese Society of Snow and Ice, Special Issue 41, 9-17. https://doi.org/10.5331/seppyo.41.Special_9, 1980. 

Janke, J.R. and Bolch, T. Rock Glaciers, in: Shroder, J.F. (Ed.), Treatise on Geomorphology (Second Edition). Academic 

Press, Oxford, 75–118. https://doi.org/10.1016/B978-0-12-818234-5.00187-5, 2022. 

Kääb, A. Rock glaciers and protalus forms. In: Elias, S.A. (Ed.), The Encyclopedia of Quaternary Science 3. Elsevier, 

Amsterdam, 535–541, 2013. 670 

Kääb, A. and Reichmuth, T.: Advance mechanisms of rock glaciers. Permafrost and Periglacial Processes, 16 (2), 187-193, 

2005. 

Kääb, A., Haeberli, W. and Gudmundsson, G.H.: Analysing the creep of mountain permafrost using high precision aerial 

photogrammetry: 25 years of monitoring Gruben rock glacier, Swiss. Alps. Permafrost and Periglacial Processes, 8 (4), 

409 – 426, 1997. 675 

Kääb, A., Strozzi, T., Bolch, T., Caduff, R, Trefall, H., Stoffel, M. and Kokarev, A.: Inventory and changes of rock glacier 

creep speeds in Ile Alatau and Kungöy Ala-Too, northern Tien Shan, since the 1950s. The Cryosphere, 15, 927-949. 

https://doi.org/10.5194/tc-15-927-2021, 2021. 

Kane, D.L., Hinkel, K.M., Goering, D.J., Hinzman, L.D., and Outcalt, S.I.: Non-conductive heat transfer associated with frozen 

soils. Global and Planetary Change, 29, 275–292. https://doi.org/10.1016/S0921-8181(01)00095-99, 2001. 680 

Kaufmann, V., Kellerer-Pirklbauer, A. and Seier, G.: Conventional and UAV-Based aerial surveys for long-term monitoring 

(1954–2020) of a highly active rock glacier in Austria. Frontiers in Remote Sensing, 2, 732744. 

https://doi.org/10.3389/frsen.2021.732744, 2021. 

Formatted: English (US)

Formatted: English (US)

Formatted: English (US)

Formatted: English (UK)

Deleted: Hilbich, C., Hauck, C., Mollaret, C., Wainstein, P.A., and 
Arenson, L.U. Towards accurate quantification of ice content in 685 
permafrost of the Central Andes – Part 1: Geophysics-based 
estimates from three different regions. The Cryosphere, 16(5), 1845-
1872. doi.org/10.5194/tc-16-1845-2022, 2022.¶
Hoelzle, M., Hauck, C., Mathys, T., Noetzli, J., Pellet, C. and 
Scherler, M.: Long-term energy balance measurements at three 690 
different mountain permafrost sites in the Swiss Alps. Earth System 
Science Data 14, 1531-1547. doi.org/10.5194/essd-14-1531-202, 
2022.¶
¶

Moved up [2]: ¶695 

Deleted: doi.org/10

Deleted: doi:10

Deleted: doi.org/10

Deleted: .

Deleted: .700 
Deleted: doi: 10

Deleted: r

Deleted: doi: 10



20 
 

Kirkbride, M. and Deline, P.: The formation of supraglacial debris covers by primary dispersal from transverse englacial debris 

bands. Earth Surface Processes and Landforms, 38, 15.  https://doi.org/10.1002/esp.3416, 2013. 705 

Kneib, M., Fyffe, C.L., Miles, E.S., Lindemann, S., Shaw, T.E., Buri, P., McCarthy, M., Ouvry, B., Vieli, A., Sato, Y., 

Kraaijenbrink, P.D.A., Thao, C., Molnar, P. and Pellicciotti, F.: Controls on ice cliff distribution and characteristics on 

debris-covered glaciers. Geophysical Research Letters, 50, e2022GL102444. https://doi.org/10.1029/2022GL10244, 

2023. 

Kneisel, C. and Kääb, A.: Mountain permafrost dynamics within a recently exposed glacier forefield inferred by a combined 710 

geomorphological, geophysical and photogrammetrical approach. Earth Surface Processes and Landforms, 32 (12), 

1797 – 1810. https://doi.org/10.1002/esp.1488, 2007. 

Krainer, K., Bressan, D., Dietre, B. Haas, J.N., Hajdas, I., Lang, K., Mair, V., Nickus, U., Reidl, D., Thies, H. and Tonidandel, 

D.: A 10,300-year-old permafrost core from the active rock glacier Lazaun, southern Ötztal Alps (South Tyrol, northern 

Italy). Quaternary Research, 83 (2), 324–335. https://doi.org/10.1016/j.yqres.2014.12.005, 2014. 715 

Krautblatter, M., Funk, D. and Günzel, F. K.: Why permafrost rocks become unstable: A rock-ice-mechanical model in time 

and space. Earth Surface Processes and Landforms, 38 (8), 876–887. https://doi.org/10.1002/esp.3374, 2013. 

Kummert, M., Bodin, X., Braillard, L. and Delaloye, R.: Pluri-decadal evolution of rock glaciers surface velocity and its 

impacts on sediment export rates towards high-alpine torrents. Earth Surface Processes and Landforms, 46, 3217-3227. 

https://doi.org/10.1002/esp.5231, 2021. 720 

Kunz, J., Ullmann, T. and Kneisel, C.: Internal structure and recent dynamics of a moraine complex in an alpine glacier 

forefield revealed by geophysical surveying and Sentinel-1 InSAR time series. Geomorphology, 398. 

https://doi.org/10.1016/j.geomorph.2021.108052, 2021. 

Li, M., Yang, Y., Peng, Z., Liu, G.: Assessment of rock glaciers and their water storage in Guokalariju, Tibetan Plateau. The 

Cryosphere Discussion. https://doi.org/10.5194/tc-2022-178, 2023.  725 

Mamot, P., Weber, S., Eppinger, S. and Krautblatter, M.: A temperature-dependent mechanical model to assess the stability 

of degrading permafrost rock slopes. Earth Surface Dynamics, 9, 1125-1151. https://doi.org/10.5194/esurf-9-1125-

2021, 2021. 

Marangunic, C., Ugalde, F., Apey, A., Armendáris, I., Bustamante, M. and Peralta, C.: Glaciares en la Cuenca alta del rio 

Mapocho: Variaciones y caracteristicas principales. Ecosistemas de Montaña de la Cuenca Alta del Río Mapocho, 730 

Deleted: doi.org/10

Formatted: Font: 10 pt

Formatted: Font: 10 pt

Formatted: Font: 10 pt

Formatted: Font: 10 pt

Deleted: doi: 10

Deleted: doi.org/10

Deleted: doi.org/10

Deleted: doi:10735 

Deleted: doi.org/10

Formatted: Font: No underline, Font colour: Auto

Deleted: doi:10



21 
 

Capítolo 2, Seccion 1, 46-80, 2022. 

McCarthy, M., Miles, M., Kneib, M., Buri, P., Fugger, S. and Pellicciotti, F.: Supraglacial debris thickness and supply rate in 

High-Mountain Asia. Communications Earth & Environment, 3, 269, 2022. 740 

Merz, K., Maurer, H., Buchli, T., Horstmeyer, H., Green, A. G., and Springman, S. M. : Evaluation of ground‐based and 

helicopter ground‐penetrating radar data acquired across an Alpine rock glacier. Permafrost and Periglacial Processes, 

26 (1), 13-27. https://doi.org/10.1002/ppp.1836, 2015. 

Miles, K., Hubbard, B., Quincey, D.J., Miles, E.S., Sherpa, T.C., Rowan, A.V. and Doyle, S.H.: Polythermal structure of a 

Himalayan debris-covered glacier revealed by borehole thermometry. Scientific Reports, 8 (16825), 1-9. 745 

https://doi.org/10.1038/s41598-018-34327-5, 2018. 

Miles, K., Hubbard, B., Miles, E.S., Quincey, D.J., Rowan, A.V., Kirkbride, M. and Hornsey, J.: Continuous borehole optical 

televiewing reveals variable englacial debris concentrations at Khumbu Glacier, Nepal. Communications Earth & 

Environment, 2. https://doi.org/10.1038/s43247-020-00070-x, 2021. 

Mölg, N., Ferguson, J., Bolch, T. and Vieli, A.: On the influence of debris cover on glacier morphology: How high-relief 750 

structures evolve from smooth surfaces. Geomorphology, 357, 107092. 

https://doi.org/10.1016/j.gemorph.2020.107092, 2020. 

Mollaret, C., Hilbich, C., Pellet, C., Flores-Orozco, A., Delaloye, R. and Hauck, C.: Mountain permafrost degradation 

documented through a network of permanent electrical resistivity tomography sites. The Cryosphere, 13, 2557–2578. 

https://doi.org/10.5194/tc-13-2557-2019, 2019. 755 

Monnier, S. and Kinnard, C. Pluri-decadal (1955-2014) evolution of glacier-rock glacier transitional landforms in the Central 

Andes of Chile (30-33°S). Earth Surface Dynamics, 5, 493-509. https://doi.org/10.5194/esurf-5-493-2017, 2017. 

Nakawo, M., Iwata, S., Watanabe, O. and Yoshida, M.: Processes which distribute supraglacial debris on the Khumbu Glacier, 

Nepal Himalaya. Annals of Glaciology, 8, 129-131. https://doi.org/10.3189/S0260305500001294, 1986. 

Nesje, A., Matthews, J.A., Linge, H., Bredal, M., Wilson, P. and Winkler, S.: New evidence for active talus-foot rock glaciers 760 

at Øyberget, southern Norway, and their development during the Holocene. The Holocene, 31 (11-12), 1786–1796. 

https://doi.org/10.1177/09596836211033226, 2021. 

Nield, D.A., and Bejan, A. Convection in Porous Media. Cham: Springer. 2017. 

Deleted: ,

Formatted: Font: Not Italic

Formatted: Font: Not Italic

Formatted: mixed-citation

Formatted: Font: Not Italic

Field Code Changed

Deleted: doi.org/10765 

Deleted: doi.org/10

Deleted: doi/10

Deleted: doi.org/10

Deleted: doi.org/10

Deleted: doi.org/10770 

Deleted: doi.org/10

Deleted: ¶



22 
 

Noetzli, J., Arenson, L.U., Bast, A., Beutel, J., Delaloye, R., Farinotti, D., Gruber, S., Gubler, H., Haeberli, W., Hasler, A., 

Hauck, C., Hiller, M., Hoelzle, M., Lambiel, C., Pellet, C., Springman, S.M., Vonder Muehll, D. and Phillips, M.: Best 

practice for measuring permafrost temperature in boreholes based on the experience in the Swiss Alps. Frontiers in 775 

Earth Science, 9, 607875. https://doi.org/10.3389/feart.2021.60787, 2021. 

Pavoni, M., Sirch, F., and Boaga, J.: Electrical and electromagnetic geophysical prospecting for the monitoring of rock glaciers 

in the Dolomites, Northeast Italy. Sensors, 21 (4), 1294. https://doi.org/10.3390/s21041294, 2021.  

PERMOS: Swiss Permafrost Bulletin 2022. Noetzli, J. and Pellet, C. (eds.), No. 4, 23 pp. https://doi.org/10.13093/permos-

bull-2023, 2023. 780 

Phillips, M., Haberkorn, A., Kenner, R. and Nötzli, J.: Current changes in mountain permafrost based on observations in the 

Swiss Alps. Swiss-Bulletin für angewandte Geologie, 25 (1-2), 53-63, 2020.  

Rock Glacier Inventories and Kinematics [RGIK]: Towards standard guidelines for inventorying rock glaciers: Baseline 

concepts (version 4.2.2). IPA Action Group Rock glacier inventories and kinematics, 13 p. 

https://bigweb.unifr.ch/Science/Geosciences/Geomorphology/Pub/Website/IPA/CurrentVersion/Current_Baseline_Co785 

ncepts_Inventorying_Rock_Glaciers.pdf, 2022a. 

Rock Glacier Inventories and Kinematics [RGIK]: Towards standard guidelines for inventorying rock glaciers: Practical 

concepts (version 2.0). IPA Action Group Rock glacier inventories and kinematics, 10 p. 

https://bigweb.unifr.ch/Science/Geosciences/Geomorphology/Pub/Website/IPA/CurrentVersion/Current_Practical_C

oncepts_Inventorying_Rock_Glaciers.pdf, 2022b 790 

Roer, I., Haeberli, W., Avian, M., Kaufmann, V., Delaloye, R., Lambiel, C. and Kääb, A.: Observations and considerations on 

destabilizing active rock glaciers in the European Alps. In: Kane, D.L. and Hinkel, K.M. (eds): Ninth International 

Conference on Permafrost, Institute of Northern Engineering, University of Alaska Fairbanks, Vol 2, 1505-1510, 2008. 

Shokory, J.A.N. and Lane, S.: Patterns and drivers of glacier debris-cover development in the Afghanistan Hindu Kush 

Himalaya. Journal of Glaciology. https://doi.org/10.1017/jog.2023.14, 2023. 795 

Shugar, D.H. and 52 co-authors: A massive rock and ice avalanche caused the 2021 disaster at Chamoli, Indian Himalaya. 

Science, 10.1126/science.abh4455, 2021. 

Springman, S., Arenson, L., Yamamoto, Y., Maurer, H., Kos, A., Buchli, T. and Derungs, G: Multidisciplinary investigations 

on three rock glaciers in the Swiss Alps: Legacies and future perspectives. Geografiska Annaler, Series A, 215-243. 

Deleted: doi:10800 
Deleted: ¶

Formatted: Font: Not Italic

Formatted: Font: Not Italic

Formatted: Font: Not Italic

Formatted: Font: Not Italic

Formatted: Not Highlight

Deleted: doi:10

Formatted: Font colour: Text 1

Deleted: doi. Org/10

Deleted:  



23 
 

https://doi.org/10.1111/j.1468-0459.2012.00464.x, 2012. 805 

Thibert, E. and Bodin, X.: Changes in surface velocities over four decades on the Laurichard rock glacier (French Alps). 

Permafrost and Periglacial Processes, 33 (3), 323-335. https://doi.org/10.1002/ppp.2159, 2022. 

Thompson, S., Benn, D. I., Mertes, J. and Luckman, A.: Stagnation and mass loss on a Himalayan debris-covered glacier: 

Processes, patterns and rates. Journal of Glaciology, 62, 467–485. https://doi.org/10.1017/jog.2016.37, 2016. 

Ugalde, F., Marangunic, C. and Becerra, J.: Estructura interna y evolución del glaciar rocoso Littoria en el estero de Yerba 810 

Loca, Chile central. In: XV Congreso Geológico Chileno “Geociencias Hacia La Comunidad” Concepción, Chile, 2018. 

Vivero, S., Bodin, X., Farías-Barahona, D., MacDonell, S., Schaffer, N., Robson, B.A. and Lambiel, C.: Combination of aerial, 

satellite, and UAV photogrammetry for quantifying rock glacier kinematics in the Dry Andes of Chile (30°S) since the 

1950s. Frontiers in Remote Sensing, 2, 784015. https://doi.org/10.3389/frsen.2021.784015, 2021.  

Wahrhaftig, C. and Cox, A.: Rock glaciers in the Alaska Range. Geological Society of America Bulletin 70, 383-436, 1959. 815 

Wee, J. and Delaloye, R.: Post‐glacial dynamics of an alpine Little Ice Age glacitectonized frozen landform (Aget, western 

Swiss Alps). Permafrost and Periglacial Processes, 33 (4), 370-385. https://doi.org/10.1002/ppp.2158, 2022.  

Wee, J., Hauck, C. and Lambiel, C.: Assessing the properties of ground ice and its influence on surface dynamics at Gruben, 

Swiss Alps. Abstract 11.8, Swiss Geoscience Meeting 2022, 2022. 

Wicky, J. and Hauck, C.: Air convection in the active layer of rock glaciers. Frontiers in Earth Science, 8. 820 

https://doi.org/10.3389/feart.2020.00335, 2020. 

 

 

 

 825 

Deleted: doi.org/10

Deleted: .
Deleted: doi: 10

Formatted: German (Switzerland)

Deleted: ,

Deleted: doi:10830 

Deleted: doi: 10

Deleted: doi:10

Deleted: Whalley, W.B. Gruben glacier and rock glacier, Wallis, 
Switzerland: glacier ice exposures and their interpretation. 
Geografiska Annaler A 102, 141–161. 835 
doi.org/10.1080/04353676.2020.1765578, 2020.¶
Whalley, W. B.: Comment on "Ice content and interannual water 
storage changes of an active rock glacier in the dry Andes of 
Argentina" by Halla et al. (2021). The Cryosphere 17, 699-700. 
doi.org/10.5194/tc-17-699-2023, 2023.¶840 
Deleted: doi.org/10



24 
 

 
Figure 1: Continued viscous creep of perennially frozen debris, rich in ground ice at Gruben rock glacier (left), decaying debris-
covered, cold tongue of Gruben glacier (right), and former contact zone (center) between the polythermal Little Ice Age (LIA) glacier 
and the creeping permafrost of the Gruben rock glacier. World Imagery available from Global Mapper V23.1; recent, but exact 845 
date unknown. 
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Figure 2: Schematic longitudinal profile through the Gruben rock glacier (top) and the cold debris-covered tongue of Gruben glacier 
(bottom) based on extensive geophysical prospection (electrical resistivity, seismic refraction, radio-echo-sounding as compiled by 850 
Haeberli et al., 2001;  Gärtner-Roer et al., 2022) and on recent soundings by Wee et al. (2022). The upper part of the rock glacier 
presentation reflects the complex contact zone between the polythermal LIA Gruben glacier and the rock glacier permafrost (Kääb 
et al., 1997); flow direction in this zone is not parallel to the profile but somewhat towards the viewer, leading to the orographic right 
LIA moraine of Gruben glacier rather than to the advancing rock glacier front. Quantitative information about the debris-covered 
part of Gruben glacier is from a combination of earlier glacier-bed resistivity and radio echo soundings (Haeberli and Fisch, 1984) 855 
with measurements of long-term changes in surface elevation as reported by Gärtner-Roer et al. (2022). Vertical exaggeration is by 
a factor of 2. Legend: (1) maximum Little Ice Age extent of Gruben glacier; (2) talus, debris; (3) permafrost conditions; (4) buried 
massive ice of uncertain origin (Gruben rock glacier) and glacier ice (debris-covered part of Gruben glacier); and (5) bedrock after 
unpublished seismic refraction (Gruben rock glacier) and glacier-bed resistivity soundings (Gruben glacier). 
 860 
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 865 
Figure 3: Types of ice-debris coupling and adjustment to warming effects in the cases of perennially frozen debris with excess ice 
(left), and debris-covered massive ice (right). As the ice melts, the thermal insulation in the form of the active layer increases for the 
permafrost case, but remains unchanged in the case of a debris-covered glacier, where the debris thickness largely remains constant. 
Modified from Haeberli and Vonder Mühll (1996). 
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Figure 4: Advancing fronts of creeping perennially frozen debris at Gruben rock glacier (top; fall 2009, © Google Earth) and of 

the debris-covered Belvedere glacier in the Italian Alps during its intermittent advance around the turn of the century (bottom; 875 
summer 2005). 
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 880 

 
 

Figure 5: Creep phenomena in the upper Yerba Loca Valley, Andes of Chile. Yellow arrows point to over-steepened advancing 
fronts of creeping perennially frozen talus/debris, numbers in circles point to landforms as discussed in the text. © DigitalGlobe 
available in GlobalMapper, modified. 885 
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