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A B S T R A C T   

Rock glaciers are active sediment transport systems of high mountain periglacial environments. Driven by the 
internal deformation of their frozen core, they can convey substantial amounts of debris from their nourishing 
zone towards their front. Depending on the topographic conditions at the front slope, the released sediment is 
either overridden again by the advancing rock glacier or transferred downwards by rapid mass movements. The 
capacity of rock glacier environments to transfer sediment however has remained largely unexplored, in 
particular beyond the local scale. In this work, we consider a rock glaciers’ sediment transfer capacity as a 
function of its transported volume rate and the travel range of mobilized material at its front. A GIS-based 
method, low in data-demand, is proposed to generate catchment-scale proxies for the above-mentioned input 
variables and to combine them to a qualitative index describing sediment transfer capacity of rock glacier fronts. 
The proposed method is applied in two basins, strongly characterized by periglacial dynamics (Ultental and 
Schnalstal in South Tyrol, Eastern Italian Alps). In a final step, computed sediment transfer classes are assessed 
on their geomorphological plausibility by building empirical relationships with independent environmental 
variables.   

1. Introduction 

High-mountain environments are characterized by intensive envi-
ronmental processes generating and displacing substantial amounts of 
sediment. Erosion and sedimentation in alpine landscapes are the 
product of a complex interplay of tectonic, climatic and topographic 
drivers such as rock uplift, glacial activity, elevated precipitation rates 
and freeze–thaw mechanisms. Steep slopes and a high relief provide the 
potential energy to transport the generated sediment towards lower 
lying areas (Hales and Roering, 2007). Especially within the context of 
present-day atmospheric warming, high-magnitude sediment release 
from degrading glacial and periglacial systems is increasingly reported 
to be the source of far-reaching mass movements, often affecting infra-
structure distant from their origin (e.g. Bodin et al., 2017; Evans and 

Delaney, 2015; Kääb et al., 2018; Kofler et al., 2021; Schlögel et al., 
2020; Walter et al., 2020). 

Barsch and Caine (1984) acknowledged the great morphodynamic 
variability of mountain landscapes by introducing various subsystems of 
sediment generation and transportation, among them the glacial system 
and the coarse debris system being the most dominant ones in high 
mountain areas. The glacial system is powerful in generating sediment at 
the ice-bedrock interface and transporting it to the glacier margins. The 
coarse debris system instead comprises the transfer of coarse sediment 
from rock cliffs onto talus slopes and is predominantly found in dry 
continental environments. Rock glaciers – steadily moving, ice saturated 
debris landforms – may be considered to be a downslope extension of the 
coarse debris system’s lower boundary (Barsch, 1996; Haeberli et al., 
2006; Wahrhaftig and Cox, 1959). Movement of rock glaciers is enabled 
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both by the deformation of ice-cemented fine debris within their body as 
well as sliding along a distinct inner shear horizon (e.g. Arenson, 2002; 
Kenner et al., 2017). Berthling (2011) defined rock glaciers as landforms 
determined by permafrost conditions, acknowledging that they may be 
formed either under glacial or periglacial realms (e.g. Anderson et al., 
2018; Monnier and Kinnard, 2015; Whalley, 2020; Whalley and Martin, 
1992). Recently, also a paraglacial mechanism taking into consideration 
landscape relaxation processes after deglaciation was proposed for rock 
glaciers formation by Knight et al. (2019). 

As the movement at a rock glacier’s surface is usually faster than at 
its base, superficially transported debris falls down the steep front slope 
and accumulates at its toe. If the topographic characteristics of a rock 
glacier forefield do not predispose for a removal of the released sedi-
ment, a stiff layer of coarse debris builds up at its toe and is subsequently 
overridden or pushed downslope by the advancing of the landform 
(Haeberli et al., 1998; Springman et al., 2012). Indeed, the coarse debris 
system introduced by Barsch and Caine (1984) considers rock glaciers as 
end-members of a closed system (cf. Müller et al., 2014). 

In the recent past however, scholars increasingly reported cases of 
rock glaciers being a sediment source as well (e.g. Kenner et al., 2018; 
Kofler et al., 2021; Krainer et al., 2012; Lugon and Stoffel, 2010; PER-
MOS, 2019; Phillips, 2006). Especially within the context of climate 
change, the debris transport capacity of rock glaciers might be altered. 
Rising air temperatures are bringing permafrost ice close or beyond the 
melting point, leading to the presence of warm ice-rich material or liquid 
water within rock glaciers (e.g. Cicoira et al., 2019). Consequently, rock 
glacier creep tends to accelerate. This conceptual assumption is 
confirmed by in-situ and remote sensing-based displacement data 
collected mainly in the European Alps (Bearzot et al., 2022; Fleischer 
et al., 2021; Marcer et al., 2021; PERMOS, 2021; Strozzi et al., 2020). 
Nonetheless, measurements made in other world regions seem to 
confirm such a trend. For example, Kääb et al. (2021) observed an 
overall acceleration of rock glaciers in the northern Tien Shan 
(Kazakhstan/Kirgistan) since the 1950s, and Blöthe et al. (2021) found 
surprisingly high surface velocities - exceeding 2 m yr− 1 - for rock gla-
ciers and transitional ice-debris landforms in the Central Andes of 
Argentina between 2010 and 2017/2018. Conversely, Hu et al. (2021) 
found steady rock glaciers velocities in the Khumbu and Lhotse Valleys 
(Nepal) during the observation period 2006 – 2020. In some cases, rock 
glacier acceleration even ends in a partial or complete destabilization of 
the landform (e.g. Bodin et al., 2017; Delaloye et al., 2013; Scotti et al., 
2017). 

A secondary effect of rock glacier acceleration is the potential in-
crease of sediment delivery from their front slopes into the headwaters 
of Alpine channels. Kummert et al. (2018) provided a conceptual 
framework to analyse sediment connectivity between rock glacier fronts 
and their downward slopes. Herein, their type B model considers an 
effective removal of sediment from the rock glacier system due to an 
existing connection between its front and a steep channel or slope. More 
recently, sediment export dynamics at this type of rock glaciers was 
further subdivided by Kummert et al. (2021) into a “gradual front-line 
advance” type, where released sediments are partly overridden by the 
advancing landform itself, and a “gradual sediment export” type, in the 
case sediments are rapidly transported downstream/downslope from the 
rock glacier front. Debris slides, hyperconcentrated flows and rockfall 
were identified as most prominent mass wasting types (Kummert et al., 
2018). Sediment connectivity between periglacial landforms and their 
downslope geomorphic units or systems was then classified by Kummert 
and Delaloye (2018) into structural connectivity (i.e. defined by pure 
neighborhood relationships) and functional connectivity (i.e. based on 
effectively observed sediment transfer processes between adjacent 
landforms). 

In this paper, we consider rock glacier creep and its downward 
sediment connectivity as principal drivers of the debris transfer occur-
ring at a rock glacier front. Therefore, the aim of this study is to propose 
a simple and reproducible method to classify rock glaciers according to 

their potential sediment transfer capacity at the catchment scale. In this 
work we present (i) a reproducible GIS-based approach to generate 
proxy variables able to quantitatively describe two distinct sediment 
transport processes (i.e. along the rock glacier body and by rapid mass 
wasting occurring at rock glacier fronts) followed by (ii) a matrix-based 
variable integration method for the classification of each rock glacier. 
The proposed method is applied in two catchments of South Tyrol 
(Italian Alps), where it is tested for its plausibility by exploring empirical 
relationships with potential environmental control variables. Finally, 
the potential and limitations of the presented method are highlighted 
and critically discussed. 

2. Study areas 

The study focuses on two alpine catchments, called Ultental / Val 
d’Utimo and Schnalstal / Val Senales. The two areas of interest are 
located in South Tyrol (Eastern Alps, Fig. 2), a mountainous region 
located in Northern Italy that covers an area of approximately 7,400 km2 

and extends over an altitude ranging from 194 m to 3893 m a.s.l.. The 
region is dominated by a dry-continental climate regime with relatively 
low precipitation rates, especially in the western part, where Ultental 
and Schnalstal are located (Table 1, Della Chiesa et al. 2014). In terms of 
lithology, metamorphic rocks such as mica-schists, paragneisses and 
orthogneisses are prevailing in both catchments (cf. Mair et al., 2007; 
Stingl and Mair, 2005). Their topographic setting differs however, as 
Ultental extends along a southwest-northeast axis, while Schnalstal is 
dominantly extending from northwest towards southeast. 

The strong past and present periglacial character of both study 
catchments is highlighted by the number of rock glaciers found on a 
rather small area (i.e. Ultental and Schnalstal represent only 6.5% of the 
regional territory). Bollmann et al. (2012) mapped in total 255 rock 
glaciers in Ultental and 125 in Schnalstal (active, inactive and relict 
landforms, cf. Table 1). Considering that the official rock glacier in-
ventory of South Tyrol features 1779 entries, approximately 21% of all 
rock glaciers are located in the two catchments under investigation. 
When considering only ice-containing rock glaciers, the percentage even 
increases to 27% (cf. Kofler et al., 2020). 

3. Materials and methods 

An integrated assessment of the capacity of rock glaciers to transfer 
sediment required a detailed study of two types of transport processes: 
(i) slow moving (surface) deformation of the rock glacier body and (ii) 
rapid mass wasting occurring at the rock glacier front. In the following 
subsections the necessary input data as well as the computational gen-
eration of proxy variables for the above-mentioned sediment transport 
processes are described (Sections 3.1, 3.2 and 3.3). In Section 3.4, a 
simple matrix-based approach to estimate sediment transfer capacity is 
proposed. Finally, in Section 3.5 we assess potential environmental 
controls of the generated rock glacier sediment transfer capacity. 

3.1. Data 

Rock glaciers in South Tyrol were inventoried by Bollmann et al. 
(2012). The dataset can be downloaded freely from the WebGIS portal of 
the provincial administration of South Tyrol1. Our study considered only 
rock glaciers, which could be clearly linked to a periglacial debris 
transport system, i.e. landforms that according to the rock glacier in-
ventory of South Tyrol are nourished by talus. Rock glaciers of glacial 
origin or debris-rock glaciers according to Barsch (1996) were excluded 
from the analysis. Next, only rock glaciers for which the presence of 
permafrost ice was estimated to be likely were included in the analysis 
(cf. Table 1, or Kofler et al. 2020). 

1 https://geokatalog.buergernetz.bz.it/geokatalog. 
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Topographic information was derived from a high-resolution LiDAR 
(Light detection and ranging) DTM (Digital terrain model), which covers 
the entire territory of South Tyrol. This freely available dataset was 
generated in 2006 and originally has a pixel resolution of 2.5 m, which 
for the present study was resampled to 10 m. Optical information was 
derived from aerial images taken in the years 2000, 2006, 2008 and 
2014. 

3.2. Rock glacier sediment transport 

The sediment transport rate of each individual rock glacier stored in 
our inventory was calculated based on the formula proposed by Lugon 
and Stoffel (2010): 

V = 0.5*(v*w*d)

where V denotes the transported annual sediment volume [m3 yr− 1], v 
the rock glacier flow velocity [m yr− 1], w the width of the rock glacier 
[m] and d the depth of the shear horizon [m]. The factor of 0.5 accounts 
for the presence of air voids and ice in the rock glacier. As d was largely 
unknown, we assumed it to be at a depth of 65 % of rock glacier 
thickness below the rock glacier surface, as inclinometer data from six 
boreholes in the Swiss and Italian Alps suggests (Arenson et al., 2002; 
Krainer et al., 2015). 

Rock glacier thickness was estimated as follows: first, a longitudinal 
section was placed along each polygon of the inventory following the 
shortest path downslope. Then, five perpendicular cross sections 
extending over the entire width of the rock glacier were placed along the 

longitudinal profile by keeping a 30 m distance from the front. Elevation 
values were extracted from the DTM at 10 m intervals along each cross 
section. The upper and lower 5 % of elevation values of each cross 
section were averaged and subtracted in order to get the elevation dif-
ference for the respective cross section. Finally, thickness was computed 
by taking the median value of elevation differences of all cross sections 
along one rock glacier (see Fig. 3 for a graphical description). The width 
of the rock glacier w could be taken directly from the inventory of 
Bollmann et al. (2012). 

The reconstruction of v required the use of multi-temporal optical 
imagery. We tracked rock glacier creep from a series of co-registered 
orthophotos taken in 2006, 2008 and 2014. The “IMCORR” algorithm, 
developed by Bernstein (1983) and subsequently implemented in SAGA 
GIS (Conrad et al., 2015) was used to generate 2D surface displacement 
vectors on rock glaciers. Based on slope and land cover information, flat 
bedrock outcrops nearby rock glaciers, where no movement was 
assumed to occur, were mapped as polygons and labelled as “control 
area” (CA). For each CA, IMCORR was run with the image pairs 
2006–2014 and 2008–2014 in order to identify the lower threshold of 
detectable movement for its respective rock glacier (cf. Kenner et al., 
2017). The image pair, which yielded the lowest average displacement 
within a given CA, was used for the IMCORR analysis on its relative rock 
glacier. Movement vectors showing a displacement rate below the lower 
level of detection were considered to be noise and removed. As aerial 
images frequently contain shaded or snow-covered areas, outliers 
showing a particularly high or low displacement are commonly 
computed. Vectors with displacement equal to 1.5 times the 

Fig. 1. Conceptual outline of this paper depicting (i) the sedimentary composition of the considered hillslope sequence, (ii) the variables defining the sediment 
transfer capacity of a rock glacier and (iii) mass wasting processes occurring at a rock glacier front. 
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interquantile range (IQR) below the first quantile or above the third 
quantile of the distribution of all vectors were considered to be outliers 
and removed. Remaining faulty (e.g. upslope pointing) vectors were 
removed manually. Finally, a mean annual displacement v for each rock 
glacier was calculated (Fig. 3). 

An error-estimation was done by comparing generated values of 
d and v with in-situ data measured on the well-studied Lazaun rock 
glacier, located in Schnalstal (see Fig. 2). Surface displacement rates on 
this site were surveyed between 2007 and 2018 with high-resolution 
dGNSS instruments (differential global satellite navigation system) 
(Fey and Krainer, 2020). Two boreholes were drilled in 2010 and 
equipped with thermistor chains and inclinometers in order to derive 
ground temperatures and the depth of shear horizons (Krainer et al., 
2015). We compared dGNSS-derived displacement vectors with the 
median of their IMCORR-generated counterparts within a 15 m buffer of 
the survey point. The error related to the estimated depth of the shear 
horizon d was assessed by comparing the reported depths of the two 
Lazaun boreholes with estimated d of close-by cross sections. 

Additionally, we compared generated values of d, v and V with data 
reported for rock glaciers in the Swiss valleys Mattertal and Saastal 
(Kummert and Delaloye, 2018). It has to be mentioned that in contrast to 

our study, Kummert an Delaloye (2018) measured surface displacement 
rates between 2007 and 2012 by manually tracking visible boulders on 
orthophotos and validating them with DInSAR (differential synthetic 
radar interferometry) and dGNSS. 

3.3. Mass wasting processes at the rock glacier front 

We have considered “debris flow” (DF) and “rockfall” (RF) as sedi-
ment transport process types. Potential runout distances of sediment 
mobilized at the rock glacier front for rockfall LRF and debris flow LDF 
were computed by applying a combined physical-empirical modelling 
approach. The core module of the process modelling was the “Gravita-
tional Process Path (GPP) v.1.0” tool, developed by Wichmann (2017) 
and implemented into the SAGA GIS software (Conrad et al., 2015). The 
GPP features a series of empirically and physically-based routing, runout 
and deposition tools for gravitational processes such as debris flows, 
rockfall or snow avalanches. Its data demand is relatively low, as it re-
quires only a DTM and a map of a release area (RA) as minimum input. 
Additionally, one can provide spatially distributed model parameters 
such as a basal friction map. 

We defined the release area of a process (RA) as a percentage of the 
total rock glacier area. For both the DF and RF model, an area equal to 
0.5 % of the rock glacier surface was set as RA. The RA was automati-
cally allocated at the lowest section of the rock glacier, which was 
assumed to represent its snout. High magnitude rock glacier failure 
processes as reported by Bodin et al. (2017) were not considered. A 
parallel processing order of starting pixels was chosen for the DF model, 
while a sequential release of starting cells was set for the RF model. 

Process routing in GPP was performed with a “random walk” model, 
i.e. a stochastic approach of flow path identification (Gamma, 2000; 
Goetz et al., 2021; Mergili et al., 2015). This type of flow path identi-
fication requires the user to define the number of model runs, which in 
our study was set to 500 (see Fig. 3). The model needs to be constrained 
by three parameters: (i) an exponent for divergent flow (E), (ii) a 
persistence factor (p) and (iii) a slope threshold at which lateral 

Fig. 2. Overview of the study area: (a) regional setting and rock glacier status (cf. Kofler et al., 2020) and (b,c) investigated catchments. The dashed boxes in panel 
(c) indicate the rock glacier shown in Fig. 3 (white box) and the Lazaun site (black box). 

Table 1 
Main characteristics of the two study catchments. MAP for Ultental and 
Schnalstal covers the period between 1972 and 2018 and 1953–2018 and was 
measured at 1,851 m a.s.l. and 1,700 m a.s.l. of elevation, respectively.   

Ultental Schnalstal 

Elevation range [m a.s.l.] 300–3,381 559–3,577 
Catchment area [km2] 284 221 
eSpecific range of the Alps Ortler-Cevedale 

Massif 
Ötztal Alps 

Mean annual precipitation (MAP) [mm] 769.6 672.3 
Total no. of rock glaciers (R.G.) [− ] 255 125 
No. of studied R.G. (ice-containing, talus- 

derived) [− ] 
50 59  
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spreading starts (β). The exponent E is a sensitive parameter that con-
trols the degree of lateral spreading (Gamma, 2000). Literature suggests 
to use higher values for rockfall than for debris flows as detaching blocks 
hitting the talus slope have more chaotic trajectories compared to debris 
flows travelling downslope in a channel or on a hillslope (Wichmann, 
2017). However, rocks toppling from rock glacier fronts can be assumed 
to have a less divergent movement behavior than free falling blocks, as 
rebouncing after impacting a talus slope is largely absent. In order to 
account for the reported sensitivity of this parameter for the represen-
tation of flow routing processes, we provided a value range between 1.5 
and 3 to the model, which covers the suggested range for both RF and DF 
(Wichmann, 2017). A parameter related to E is the persistence factor p, 
which accounts for the tendency of the flow to maintain a chosen flow 
direction, i.e. its inertia. Blocks detaching from rockwalls were observed 
to change movement direction rather chaotically and consequently p 
should be set close to zero. It is reasonable to assume that this effect is 
less pronounced for blocks toppling from the rock glacier surface onto 
the front slope. Consequently, we set this parameter to 1. Debris flows 
instead are characterized by a higher inertia of the flow. We assigned a 
value of 2.5 for debris flows, which is within the range suggested by 
Wichmann (2017). The slope threshold below which lateral spreading 
starts β is suggested to be set equal or some degrees higher than the angle 
of the debris cone in order to account for surface friction (Gamma, 
2000). As for a large-scale modelling attempt such as the present one this 
information is not available, we approximated this value according to 

the slope angle at which rock glacier material in theory would repose. 
Kofler et al. (2021) measured maximum friction angles of rock glacier 
debris between 36 and 38◦. Hence, we set β to 40◦ for DF (Table 2). We 
did not set a slope threshold for the RF model but rather provided an 
impact area, as proposed by Wichmann (2017). A 30 m buffer area 
around the rock glacier front was set as potential impact area for blocks 
detaching from the rock glacier. 

Debris flow runout was modelled with the two-parameter friction 
model of Perla et al. (1980). The model parameters to be set are a basal 
friction coefficient (µ) and a mass to drag ratio (M/D), which accounts 

Fig. 3. GIS-based generation of rock glacier sediment transfer variables (cf. Fig. 1); (a) extraction of rock glacier thickness from cross profiles to estimate the depth of 
the shear horizon d, (b) computation of surface velocity vectors v, (c) modelling of debris flow and (d) rockfall runout lengths. The black polygon represents the rock 
glacier outline. The shown rock glacier is located at 46◦ 45.843′N / 10◦ 58.845′E and highlighted in Fig. 2. 

Table 2 
Model input parameters for downslope process simulation.  

Process Parameter Model DF RF 

Release Percentage of rock 
glacier surface area 
[%] 

– 0.5 0.5 

Flow Slope threshold β [◦] Gamma (2000) 40◦ – 
Exponent for 
divergent flow E [-] 

1.5, 2, 
2.5, 3 

1.5, 2, 
2.5, 3 

Persistance factor P [-] 2.5 1.0 
Runout Mass to drag ratio M/ 

D [-] 
Perla et al. (1980) 50, 100, 

150, 200 
– 

Basal friction [-] Perla et al. (1980) /  
Scheidegger (1975) 

Spatially distributed 
(see Table 3) 

Energy reduction [%] Scheidegger (1975) – 50, 60, 
70  
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for internal friction. Basal friction is strongly dependent on the land 
cover type and therefore spatially distributed friction values based on 
the land cover type were provided to the model. A map of basal friction 
parameters based on the official land cover map of South Tyrol was 
compiled according to literature values. Sosio et al. (2008) reported 
values for µ between 0.05 and 0.2 for debris flows. Gamma (2000) found 
a value of 0.15 to be most likely for µ based on 43 analyzed debris flow 
events in Switzerland. As debris flows in periglacial environments were 
assumed to mostly run on scree material, we assigned 0.15 as friction 
parameter to that land cover class. Bedrock was assumed to oppose less 
friction to a debris flow and got a µ of 0.1 assigned. The corresponding µ 
for all land cover classes can be found in Table 3. 

Run out of rockfall was modelled with the 1-parameter model of 
Scheidegger (1975). The model requires a basal friction coefficient µ and 
a coefficient K describing the energy reduction of the detached block at 
the first impact on the talus slope. Analogous to the DF model, a spatially 
distributed map of µ was provided to the RF model (see Table 3). Re-
ported values for the energy reduction of free falling blocks impacting 
the talus slope range from 70 to 75% (Wichmann, 2017). The energy 
reduction of blocks hitting the coarse debris slope in front of rock glacier 
snouts was assumed to be less pronounced. In order to test the sensitivity 
of K, a range between 50 and 70 % was applied. 

3.4. Rock glacier sediment transfer capacity evaluation 

In a subsequent step, each entry of our inventory was heuristically 
characterized in terms of its capacity to transfer sediment at its front. We 
performed this task separately for Schnalstal and Ultental. Computed 
rock glacier sediment transport rates V and runout distances of mass 
wasting processes LDF or LRF were aggregated to a single index by a two- 
dimensional matrix-based approach. As runout lengths LDF and LRF were 
expected to differ substantially between DF and RF, we combined them 
separately with V. Consequently, we obtained two indices for each rock 
glacier, one describing sediment transfer by RF and one by DF. Both 
parameters V and LDF / LRF were categorized into four discrete classes by 
building the 25th, 50th and 75th percentile of their frequency distribu-
tion. The classification matrix followed the following rationale (Fig. 4):  

• A low sediment transfer capacity was assigned to rock glaciers, which 
in relation to their counterparts of the same catchment either 
transport very low rates of debris, or which have very short down-
ward process paths. Hence, if either V or LDF / LRF were below the 
25th percentile, the rock glacier was labeled with a low sediment 
transfer capacity.  

• A moderate sediment transfer capacity was assigned to rock glaciers 
for which at least one of the two variables was near average, i.e. 
between the 25th and the 50th percentile.  

• A high sediment transfer capacity was assigned to rock glaciers, 
which both transport a substantial rate of sediment and are predis-
posed to forward it over longer ranges in relation to other rock gla-
ciers of the same catchment. Therefore, we assigned this label to sites 
for which both V and LDF / LRF were estimated to be above-average. 

3.5. Drivers of sediment transfer capacity 

Finally, empirical relationships between rock glacier sediment 
transfer and independent geo-environmental control variables were 
tested. We assumed the transfer of sediment by rock glaciers to be 
related to both static factors such as the bedrock topography (e.g. 
inclination, curvature, exposure) as well as timely varying factors such 
as air temperature, snow conditions and liquid water input (cf. Kofler 
et al., 2021, 2020). In this study, we approximated potential controls of 
a rock glaciers’ sediment transfer capacity by generating DTM-derived 
environmental or topographic variables as well as variables describing 
geometric properties of its contributing area (e.g. Groh and Blöthe, 
2019; Janke and Frauenfelder, 2008). 

The source area of each individual rock glacier was delineated to 
approximate the potential provision of water, snow and rock debris to 
rock glaciers (e.g. Frauenfelder et al., 2003; Groh and Blöthe, 2019; 
Janke and Frauenfelder, 2008). The variable was created with the 
“Upslope Area” tool, available in SAGA GIS. A 45◦ slope threshold was 
used to separate headwalls from talus slopes within the source area (cf. 
Krautblatter and Dikau, 2007; Müller et al., 2014). As a GIS- 
environment commonly provides a planar view, actual surface areas 
are underrepresented with increasing terrain steepness. This is particu-
larly relevant when estimating the size of relatively steep landforms 
such as talus slopes or rockwalls. We therefore calculated the true sur-
face area (Acorr) of each grid cell as follows: 

Acorr =
Aplan

S  

where Aplan is the pixel size in plan view (i.e. 10 m in our study) and S is 
the slope angle in radians of the same cell. True surface area was 
calculated for talus slopes TA and contributing areas CA and finally the 
relative talus coverage of a rock glaciers’ contributing area was 
expressed by the fraction CA /TA. The intermediate storage of rock debris 
in the headwall was expressed by its slope angle (Krautblatter and 
Dikau, 2007) (Table 4). 

A set of topographic variables potentially explaining rock glacier 
sediment transfer were generated in SAGA GIS based on the DTM and 
extracted for 50 randomly distributed sampling points within each rock 
glacier polygon. A slope map was generated to approximate driving 
shear forces acting on the inner sliding plane of the rock glacier (cf. 
Fig. 1). Potential incoming solar radiation (PISR) for the potentially 
snow-free summer period July 1st - October 31st as well as east- and 
north exposedness were generated to approximate the exposure of a rock 
glacier to solar radiation but also to snow conditions (e.g. Kellerer- 
Pirklbauer, 2007; Marcer et al., 2017; Sattler et al., 2016). A terrain 
ruggedness index (TRI) was computed to approximate the ridges and 
furrows present on actively moving rock glaciers (Wahrhaftig and Cox, 
1959). Profile and plan curvature were used to reproduce reported 
stress- strain conditions induced to rock glaciers creeping over convex 
terrain, runoff concentration or collapse structures on the surface (e.g. 
Delaloye et al., 2013; Lambiel, 2011; Roer et al., 2008). 

Potential empirical relationships between the estimated sediment 
transfer capacity and environmental and topographic controls, 
including source area properties were studied within an exploratory 
data analysis. We plotted absolute and relative frequencies over 
continuous variables describing potential morphometric characteristics 
of rock glaciers or their contributing areas (cf. Table 4 and Fig. 1). 

4. Results 

4.1. Rock glacier sediment transport 

Rock glaciers in Ultental were found to move generally faster than 
those in Schnalstal between 2006/2008 and 2014. Talus-derived rock 
glaciers in Ultental and Schnalstal moved rather equally fast with a 

Table 3 
Basal friction parameters for landcover types. Values were assigned according 
Wichmann (2017), Gamma (2000), Sosio et al. (2008) and Goetz et al. (2021).  

Landcover class μDF μRF 

Bedrock  0.1  0.45 
Debris  0.15  0.55 
Artificial surfaces  0.8  1.0 
Agricultural land (arable land, meadow, pasture)  0.55  0.65 
Vineyards / orchards  1.0  1.2 
Forest  2.0  2.0 
Shrubs  0.8  1.0 
Water bodies  2.0  2.0  
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median of mean annual surface displacement rates v of 0.2 m yr− 1 and 
0.14 m yr− 1, respectively. However, in comparison with published 
values of v for the Swiss Mattertal and Saastal, rock glaciers in the two 
study areas moved rather slowly. Indeed, while only two sites in South 
Tyrol resulted to move over 1 m yr− 1, Swiss sites exhibited such surface 
displacement rates on average (Fig. 5, 1st panel). The IMCORR analysis 
on the Lazaun rock glacier resulted in a mean annual movement rate of 
0.68 m yr− 1, while in-situ dGNSS measurements resulted in a mean v of 
0.85 m yr− 1. This results in an average underestimation of v of 0.17 m 
yr− 1 by the IMCORR analysis. As shown in Fig. 6, especially at the fast- 
moving frontal part, IMCORR apparently underestimated the true flow 
velocity of the rock glacier. 

We estimated the median depth of the shear horizon d to be nearly 
equal for rock glaciers in Ultental and Schnalstal (i.e. approximately at 
15 m depth). Also, the interquartile range is very similar for rock glaciers 
in both catchments (Fig. 5). The comparison between the presented 
DTM-based approach to determine the depth of the shear horizon d and 
actual borehole data has shown that for the Lazaun rock glacier, d was 
estimated with a reasonable accuracy. While Krainer et al. (2015) re-
ported the shear horizon of the front-near borehole II to be at 17 m 
depth, we estimated it to be at 19.8 m below the surface. Inclinometer 
measurements suggested two distinct shear horizons to be in borehole I, 
one at 14 m depth, the second one at 20–25 m depth. The cross section 
that our algorithm placed downslope of borehole I indicated a d of 12.8 
m, the upslope located one a d of 23.7 m (Fig. 6). Kummert and Delaloye 
(2018) reported lower values of rock glacier thickness in Saastal and 
Matteral compared to d, although they considered the full thickness in 

their study (Fig. 5, 2nd panel). 
Rock glacier sediment transport V resulted to be higher in Ultental 

than in Schnalstal. The median value for V in Ultental was estimated to 
be 262 m3 yr− 1 with a standard deviation (sd) of 648 m3 yr− 1 and a 
maximum value of 3,530 m3 yr− 1. Rock glaciers in Schnalstal were 
found to transport a median V of 160 m3 yr− 1 with a sd of 653 m3 yr− 1 

and a maximum V of 3,132 m3 yr− 1. In both catchments, two rock gla-
ciers were found to be within the 95th percentile of sediment transport. 
The 25th, 50th, 75th and 95th percentiles of V as well as absolute number 
of rock glaciers located within the percentile ranges can be found in the 
additional material. Kummert and Delaloye (2018) estimated higher 
values for rock glacier velocities in the Matter valley (Switzerland) 
compared to those we estimated in the study sites of South Tyrol. Such 
higher velocities are likely the cause for the larger sediment transport 
rates of the analysed Swiss rock glaciers, as they are thinner than the 
those investigated in the present work. 

4.2. Mass wasting at the rock glacier front 

Runout distances of rockfall LRF originating at rock glacier fronts 
were found to range between 14 m and over 1 km. On average, distances 
resulted to be rather short, with the 50th percentiles of model results 
being located between 38 m and 45 m in Schnalstal and 48 m and 61 m 
in Ultental. Even LRF within the range of the 75th percentiles of all model 
runs were rather short ranging from 113 m to 158 m in Schnalstal and 
from 180 m to 200 m in Ultental. Long-runout rockfall simulations 
ranged from 439 m to 633 m in Ultental and from 1423 m to 1537 m in 
Schnalstal, according to the range of 95th percentiles (Fig. 7). In abso-
lute terms, only three sites in Ultental are potentially a source of blocks 
travelling further than 533 m, which corresponds to the range beyond 
the 95th percentile of simulation results. In Schnalstal, one site is located 
in this percentile range, but with a runout range of 1,539 m. (see 
additional material). 

The agreement among single, differently parameterized model runs 
was higher for rockfall than for debris flows. Especially in Ultental, all 
12 models resulted in a very similar density distribution curve of runout 
distance, which is also reflected by the very narrow range of percentiles. 
In the low-distance runs in Schnalstal, model results differed more 
substantially (Fig. 7). The generally high agreement of rockfall runout 
computations within the model ensemble let us assume that they were 
rather insensitive to the varying input parameters (i.e. exponent of 
divergent flow E and energy reduction K). Among these two parameters, 

Fig. 4. Classification matrix to compute the sediment transfer capacity of rock glaciers.  

Table 4 
Geomorphometric parameters potentially describing rock glacier mass 
transport.  

Subsystem Variable Proxy for 

Rock glacier Altitude [m.a.s.l.] Mean annual air temperature 
Slope [◦] Shear stress along the sliding 

plane 
North-exposedness [-]; 
East-exposedness [-] 

Incoming direct solar radiation; 
Snow conditions 

PISR [kWh/m2] – 
TRI [-] Ridges/furrows due to advancing 

Source area Headwall slope [◦] Intermediate debris storage 
Talus area/contributing area 
[-] 

Debris availability  

C. Kofler et al.                                                                                                                                                                                                                                   



Catena 216 (2022) 106329

8

Fig. 5. Boxplots of annual surface velocity v (1st panel), depth of shear horizon d (2nd panel) and annual mass transport rate V (3rd panel) of rock glaciers in 
Schnalstal, Ultental as well as in the Swiss valleys Mattertal and Saastal (Source: Kummert and Delaloye, 2018). Note that reported values of d for Swiss valleys refer 
to rock glacier thickness and not to the depth of the shear horizon. 

Fig. 6. Comparison of (a) flow velocity v measured by IMCORR and dGNSS and (b) depth of the shear horizon d determined with a DTM-based approach and with 
inclinometers at the Lazaun rock glacier. Dashed circles indicate the 15 m buffer around dGNSS survey points used to delimit considered IMCORR vectors. Light grey 
lines indicate the rock glacier flow direction. Reddish colors (negative values) indicate an underestimation of v by IMCORR, bluish colors (positive values) an 
overestimation. 
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rockfall model outputs reacted more sensitively to energy reduction K, 
as the higher density of rather short runout lengths in Schnalstal for 
model runs with K = 50 % shows (Fig. 7). Debris flows were found to 
have generally longer runout distances than rockfall. 

The overall range of computed LDF vary between 14 m and 3,019 m 
in Schnalstal and 10 m and 1,509 m in Ultental. The 50th percentiles of 
modelled runout distances stretched between 346 m and 749 m for 
Schnalstal rock glaciers and between 224 m and 444 m for investigated 
sites in Ultental. The 75th percentiles were already located around 1 km 
runout length in Schnalstal with values between 931 m and 1,081 m 
(Fig. 7). The general trend of Schnalstal rock glaciers featuring poten-
tially longer travel paths of sediment is reflected by the fact that 9 sites 
are located between the 75th and the 95th percentile and 1 site can 
potentially release debris flows farther than 3 km. Four sites in Ultental 
instead resulted to be located within the 95th percentile (i.e. trajectories 
longer than 1073 m) (see additional material). 

The agreement among the results of the debris flow model ensemble 
was lower compared to the rockfall model ensemble (Fig. 7). Within the 
range of the highest density of model results (i.e. between 100 m and 
1000 m of runout length), density peaks shifted towards higher runout 
lengths with increasing values of E. This trend could be particularly well 
observed for Ultental. The higher discrepancy of computation results for 
debris flows was also reflected by the lower percentage of rock glaciers 
on which models agreed on the runout distance class. For both Schnal-
stal and Ultental, the calculated modal value of class-membership was 
supported in general by a lower percentage of model runs compared to 
rockfall simulations (see additional material). 

4.3. Rock glacier sediment transfer capacity 

Sediment transfer capacity was estimated for Ultental and Schnal-
stal, differentiating between a hyperconcentrated flow-type and a 
rockfall-type of sediment transfer in the downslope areas (see Fig. 8). 

Sediment transfer capacity could be estimated for 51 (DF) and 53 (RF) 
ice-containing talus generated rock glaciers in Ultental and 41 (DF) and 
44 (RF) ones in Schnalstal. The difference compared to the initial 
number of considered cases was due to single unsuccessful image cor-
relation attempts or process simulation runs (cf. Table 5). The matrix- 
based integration of rock glacier sediment transport and sediment pro-
vision to downward areas by rapid mass movements resulted in a 
dominance of a low sediment transfer capacity for all four integration 
schemes in absolute and relative terms (Table 5). Particularly in 
Ultental, low sediment-transferring rock glaciers were found to be pre-
dominant. As Table 4 shows, a membership to the lowest sediment 
transfer capacity class was possible for long-runout or high-transport 
sites, given that the second defining parameter was allocated in the 
lowest percentile. Similarly, only a moderate class membership was 
given to five rock glaciers with a very long runout range LRF / LDF 
because their corresponding value of V was between the 25th and the 
50th percentile (cf. section 3.4). Surprisingly, for most rock glaciers V 
and L are allocated in the same class. In other words, most rock glaciers 
characterized by a low sediment transport V, have also rather short 
runout distances L (Table 5). 

4.4. Drivers of rock glacier sediment transfer 

Fig. 9 shows relative frequencies of low, moderate and high trans-
ferring rock glaciers plotted over selected environmental variables. For 
both considered catchments, an increase of rock glaciers with an high 
transfer capacity over elevation could be observed. A similar trend, but 
more pronounced for Ultental, could be observed for the variable slope 
angle. A discrepancy between catchments was ob- served with regard to 
terrain ruggedness (TRI) and potential incoming solar radiation (PISR); 
in Ultental, relative frequency of low transferring rock glaciers was 
systematically decreasing over TRI, while for Schnalstal no clear trend 
could be noted. Instead, moderate and high Schnalstal rock glaciers were 

Fig. 7. Frequency density curves of modelled runout distances for debris flow and rockfall parameter sets. Grey dashed lines delimit the 25th, 50th, and 75th quantile 
ranges of all model runs per basin and process type. Black tick marks over the x-axis indicate the model runs per rock glacier. 
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systematically gaining relative frequency over PISR, while a similar 
clear trend wasn’t observed for Ultental. Moderate sediment transfer 
frequency decreased in Ultental for both east- and north-exposedness. 
For Schnalstal instead, an increasing trend of low-transferring rock 
glaciers was observed over north-exposedness. In both Ultental and 
Schnalstal low transferring rock glaciers were increasing over the rela-
tive talus coverage of their contributing area TA /CA. No clear trend was 
seen for the variable headwall slope, especially not for Schnalstal; in 
Ultental instead, high and moderate sediment-transferring rock glaciers 

apparently slightly increase with increasing headwall slope angles. 

5. Discussion 

5.1. Potential and limitations of the presented method 

The present study was focused exclusively on talus-derived rock 
glaciers, which represent a downward extension of the headwall-talus 
slope sequence. This is certainly a conceptual limitation but makes the 

Fig. 8. Spatial representation of the estimated sediment transfer capacity of rock glaciers. Rock glaciers labelled with a high, moderate and low transfer capacity are 
shown in panels (a) and (e), (b) and (f) and (c) and (g), respectively for Ultental and Schnalstal. Examples, where the DF and RF model do not agree are shown in (d) 
and (h). The rock glacier shown in image (e) is studied in detail in Kofler et al. (2021). 

Table 5 
Sediment transfer capacity for Ultental and Schnalstal considering debris flow and rockfall as process type. The fourth and fifth column show absolute and relative 
class-membership of rock glaciers to sediment transfer classes. The following columns show the absolute number of rock glaciers within percentile classes, subdivided 
by sediment transport V and runout range LRF, LDF.  

Catchment Process Sediment transp. Cap. Total Percentile (V / LRF, LDF) 

n % <25 25–50 50–75 75–100 

Ultental DF low 22  43.1 13/13 3/5 5/3 1/1 
moderate 14  27.5 0/0 9/7 2/2 3/5 
high 15  29.4 0/0 0/0 6/7 9/8 
sum 51      

RF low 22  41.5 14/15 3/0 4/4 1/3 
moderate 17  32.1 0/0 10/10 3/2 4/5 
high 14  34.6 0/0 0/0 6/8 8/6 
sum 53      

Schnalstal DF low 16  39.0 11/11 2/1 2/3 1/1 
moderate 14  34.1 0/0 9/9 2/3 3/2 
high 11  26.8 0/0 0/0 5/4 6/7 
sum 41      

RF low 16  36.4 11/11 2/1 2/3 1/1 
moderate 15  34.1 0/0 9/10 2/3 4/2 
high 13  29.5 0/0 0/0 7/4 6/9 
sum 44       
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final sediment transfer index more plausible as it avoids the introduction 
of assumptions, which would be too unrealistic for a different type of 
rock glaciers (namely those which are glacially-derived). The estimation 
of the first component of the index - sediment transport rate V - required 
a conceptual and computational simplification regarding the internal 
structure, namely the depth of the shear horizon d, and the creep ve-
locity of rock glaciers v. Concerning the largely unknown vertical profile 
of rock glaciers in both study areas, we have considered a widely 
accepted conceptual model (Arenson, 2002; Cicoira et al., 2021; Kenner 
et al., 2017), which considers the presence of an internal shear horizon, 
although deformation may also take place exclusively by plastic defor-
mation. Computationally, this choice may have led to an underestima-
tion of V, as it excluded the possibility of sediment transport occurring 
over the full thickness of a rock glacier body. 

Limitations inherent to data availability forced us to treat the com-
ponents of the formula proposed by Lugon and Stoffel (2010) as static in 
time. The velocity component v was created by cross correlating multi- 
temporal orthoimagery. The available time series of reliable aerial 
photographs was rather short and therefore we computed movement 
vectors only between one, best matching image pair (i.e. 2006–2014 or 
2008–2014). As we wanted to automatize as much as possible the image 
correlation process, manual image interpretation by tracking the 
movement of large boulders on the rock glacier surface (e.g. Scotti et al., 
2017) was performed only to correct faulty displacement vectors. 
Comparison with in-situ measured rock glacier displacement resulted in 
an underestimation of mean annual displacement rate by the IMCORR 
algorithm for the reference site Lazaun. However, this finding may be 
treated with caution as the monitored period differed between dGNSS 
and IMCORR. Therefore, the averaged rock glacier displacement rates 
aren’t exactly equal. We also argue that the comparison with in-situ 
derived movement information for only one single site does not allow 

to apply a general correction factor to remotely sensed displacement on 
catchment scale. The same reasoning applies to the estimated depth of 
the shear horizon d; although the comparison with inclinometer data on 
Lazaun showed a rather good agreement, we did not apply a correction 
factor to estimate d for all study objects in Ultental and Schnalstal. Our 
obtained values of d are well above of what was reported by Kummert 
and Delaloye (2018) for Saastal and Mattertal. This may be due to the 
fact that the rock glaciers analysed by these Authors are very steep, 
whereby the build-up of thick sediment bodies is hindered by a rapid 
removal of debris by gravity. However, possible differences in the esti-
mation of rock glacier thickness have surely to be considered when 
applying our proposed method (cf. Section 3.2). 

A combined physical-empirical modelling approach was chosen to 
compute ranges of released material at rock glacier fronts for two types 
of mass wasting (debris flow and rockfall). Our modelling approach of 
sediment routing followed a purely spatial perspective and should 
therefore be seen as a potential travel distance of released debris. 
Consequently, also a temporal storage and subsequent remobilization of 
debris on steep sections adjacent to the rock glacier front is not repre-
sented in our model. Model sensitivity was assessed by providing a 
varying range of parameters controlling flow routing and runout. We 
observed that travel distances in both ensembles were mainly dependent 
on the physically-based runout component rather than the stochastic 
process routing module. 

The matrix-based integration scheme allowed a combination of rock 
glacier sediment transport rate V and runout distance LRF, LDF in a 
qualitative way. The application of the method required a reduction of 
both parameters from a metric to an ordinal scale. The final outcome 
therefore was a qualitative information on the potential of a rock glacier 
to transfer sediment towards its downward areas. The scale-reduction of 
input parameters had the advantage that unavoidable uncertainties 

Fig. 9. Conditional distribution of environmental control variables. Shading of the conditional density plots is showing sediment transfer classes (L = low, M =
medium, H = high). Blue plots represent Ultental, green plots represent Schnalstal. Black tick marks show the absolute distribution of data points. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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related to their generation (e.g. the estimation of the depth of the shear 
horizon d) did not propagate directly into the integration result. On the 
other hand, a quantity of transferred sediment - even with related un-
certainties - could not be provided anymore. The application of the 
integration matrix required a segmentation of the continuous frequency 
distribution of the two input parameters by defining thresholds. We 
decided against a definition of “metric” thresholds and opted for a 
relative segmentation of a parameter based on percentiles. In this way, 
the individual value range of a parameter within a catchment was 
respected. 

The availability of spatial information on displaced sediment in rock 
glacier environments is a valuable asset when assessing their hazard 
potential. The presented sediment transfer index does not only express 
the potential impact distance of mass movements originating at rock 
glaciers but approximates on a qualitative level also their frequency as it 
incorporates the velocity at which sediment is conveyed to the rock 
glacier front. 

5.2. Geomorphological interpretation of the presented results 

Kummert et al. (2018) considered rock glaciers, which are not con-
nected to downstream channels to be sediment traps, as deposited ma-
terial at the front will be overridden again by the advancing landform. 
Following this reasoning, a classification of rock glaciers into sediment 
sources and traps would require a model that considers sediment release 
at the rock glacier front and its advancing in a temporally explicit way. 
As our approach adopts a semi-static perspective by not considering the 
timing of sediment release, routing and/or remobilization, a classifica-
tion of rock glaciers into sediment sources and traps was not possible. 

Simple empirical relationships between sediment transfer capacity 
and surrogate variables representing various environmental and 
morphometric phenomena were computed to evaluate the plausibility of 
the developed index for the two study areas (cf. Steger et al., 2016). 
While the variable altitude was found to control a systematic change of 
rock glacier status (Kofler et al., 2020), the relationship with sediment 
transfer capacity was less pronounced. Nevertheless, a decrease of low- 
transferring rock glaciers over elevation was observed. This is not sur-
prising since the components of the transfer index are not clearly 
elevation-, thus temperature- dependent. Recent research suggests rock 
glacier velocity - and consequently also sediment transport – are not 
necessarily coupled to ice-content (Groh and Blöthe, 2019; IPA Action 
Group Rock glacier inventories and kinematics, 2020). 

A relative increase of rock glaciers labelled with a high sediment 
transfer capacity was observed over slope inclination for Schnalstal. One 
would accept this as a plausible result in geomorphlogical terms as slope 
angle is directly related to shear stress acting on sediment stored on an 
inclined plane. The generally clearer trend for Schnalstal rock glaciers is 
however surprising and not reflected in our data related to V and LRF, 
LDF. Indeed, in Schnalstal the percentage of rock glaciers labelled with a 
high transfer capacity are not higher than in Ultental (Table 5). Even 
when comparing the single model components, Schnalstal rock glaciers 
are neither faster, nor higher transporting nor do they have longer 
runout lengths in relative terms (Fig. 5 and Table A.1). This indicates 
that slope angle alone would be an insufficient predictor for sediment 
transfer. 

Similarly to slope angle, a nearly linear decreasing trend of low 
sediment-transferring rock glaciers with terrain ruggedness (TRI) was 
observed for Schnalstal. Being a proxy for an undulated topography 
rather than for grain size distribution (Groh and Blöthe, 2019) we as-
sume that the characteristic ridge-furrow surface of actively deforming 
rock glaciers is reflected in this result. For Ultental, clearer trends over 
surrogates for terrain exposure and shading (PISR, east-, north- 
exposedness) were observed. An increase of moderate and high trans-
ferring sites over PISR appeared plausible as radiation strongly de-
termines surface-near thermal conditions at the site-scale. Consequently, 
sites exposed to a higher radiation probably feature higher mean annual 

ground surface temperatures (MAGST) while being subject to the same 
mean annual air temperature (MAAT) than sites at the same elevation (e. 
g. Boeckli et al., 2012). Higher MAGST values translate into higher 
permafrost temperatures and snowmelt rates and consequently into 
higher creep rates of rock glaciers. Hence, we assume that V rather than 
LRF, LDF propagated into this result. As slope exposure directly relates to 
PISR, the relative increase of low-transferring rock glaciers with 
increasing north-exposedness in Ultental is not surprising. 

The systematic increase of low sediment-transferring rock glaciers 
with increasing talus coverage in the contributing area can be inter-
preted as an inefficiency of such rock glacier class to remove talus from 
their nourishing zone. This trend might indicate an insufficiently in-
clined terrain for sediment to be transported downwards, the observed 
inverse trend over slope angle for Schnalstal suggests. 

6. Conclusion 

In this paper, the potential of rock glacier fronts to displace sediment 
towards downslope areas was estimated by a multi-method approach 
including image correlation, DTM-based morphometric analyses and a 
combined physical-empirical process routing model. We placed partic-
ular emphasis on proposing a method applicable with a limited amount 
of input data and open-source software. Indeed, the proposed method 
relies on the availability of aerial images, a rock glacier inventory and at 
least one DTM. The catchment-scale setting and the absence of multi- 
temporal DTM data did not allow us a direct measurement of trans-
ferred sedimen volumes. Consequently, we applied an indicator-based 
method that relies on the integration of two proxy variables for sedi-
ment transfer: the annual rate of transported sediment and its potential 
travel distance once sediments are released at the rock glacier front. 
Subsequently, a heuristic, matrix-based aggregation scheme to qualita-
tively combine the two variables - to obtain a sediment transfer capacity 
index - was proposed. 

Potential empirical relationships between the proposed index and 
environmental controls yielded ambivalent results. Systematic changes 
over the variables altitude, slope, surface ruggedness, PISR and talus 
coverage of the contributing area were detected, but not always in both 
study areas. A rather consistent behavior of the index was observed only 
for altitude and talus coverage. This indicates that the underlying drivers 
of sediment transfer are complex and can only be partially captured by 
the applied univariate approach. 
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Swiss Alps: Answered questions and new perspectives. In: in: Proceedings of the 7th 
International Conference on Permafrost. Presented at the 7th International 
Conference on Permafrost, pp. 403–410. 

Hales, T.C., Roering, J.J., 2007. Climatic controls on frost cracking and implications for 
the evolution of bedrock landscapes. J. Geophys. Res. 112, F02033. https://doi.org/ 
10.1029/2006JF000616. 

IPA Action Group Rock glacier inventories and kinematics, 2020. Towards standard 
guidelines for inventorying rock glaciers - Baseline concepts (No. Version 4.1). 
International Permafrost Association (IPA), Fribourg, Switzerland. 

Hu, Yan, Harrison, Stephen, Liu, Lin, Wood, Joanne Laura, 2021. Modelling rock glacier 
velocity and ice content, Khumbu and Lhotse Valleys, Nepal. Cryosphere Discuss. 
https://doi.org/10.5194/tc-2021-110. 

Janke, J., Frauenfelder, R., 2008. The relationship between rock glacier and contributing 
area parameters in the Front Range of Colorado. J. Quat. Sci. 23, 153–163. https:// 
doi.org/10.1002/jqs.1133. 
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