
1. Introduction
In the context of climate change, glacial and periglacial landscapes are receiving increased attention as a wa-
ter resource, especially in semiarid climates with growing population, for example, the Tibetan Plateau (Bolch 
et al., 2019; Hock et al., 2019; Immerzeel et al., 2020; Sun et al., 2018). Glacial and periglacial landforms are 
sensitive to climate warming and represent significant water reservoirs in semiarid environments and lowlands 

Abstract Rock glaciers are receiving increased attention as a potential source of water and indicator of 
climate change in periglacial landscapes. They consist of an ice-debris mixture, which creeps downslope. 
Although rock glaciers are a wide-spread feature on the Tibetan Plateau, characteristics such as its ice fraction 
are unknown as a superficial debris layer inhibits remote assessments. We investigate one rock glacier in the 
semiarid western Nyainqêntanglha range (WNR) with a multi-method approach, which combines geophysical, 
geological and geomorphological field investigations with remote sensing techniques. Long-term kinematics 
of the rock glacier are detected by 4-year InSAR time series analysis. The ice content and the active layer 
are examined by electrical resistivity tomography, ground penetrating radar, and environmental seismology. 
Short-term activity (11-days) is captured by a seismic network. Clast analysis shows a sorting of the rock 
glacier's debris. The rock glacier has three zones, which are defined by the following characteristics: (a) Two 
predominant lithology types are preserved separately in the superficial debris patterns, (b) heterogeneous 
kinematics and seismic activity, and (c) distinct ice fractions. Conceptually, the studied rock glacier is discussed 
as an endmember of the glacier—debris-covered glacier—rock glacier continuum. This, in turn, can be linked 
to its location on the semiarid lee-side of the mountain range against the Indian summer monsoon. Geologically 
preconditioned and glacially overprinted, the studied rock glacier is suggested to be a recurring example for 
similar rock glaciers in the WNR. This study highlights how geology, topography and climate influence rock 
glacier characteristics and development.

Plain Language Summary Climate change has begun to impact all regions of our planet. In cold 
regions, such as high-mountain areas, rising temperatures lead to massive melting of glaciers. Besides this 
evident loss of ice, permafrost, a long-term ice resource hidden in the subsurface, has started to thaw. Rock 
glaciers as visible permafrost-related landforms consist of an ice-debris mixture, which makes them creep 
downslope. Due to this movement and their recognizable shape, rock glaciers are permafrost indicators in 
high-mountain areas. We investigate one rock glacier in the western Nyaingêntanglha Range (Tibetan Plateau) 
using field and remote sensing methods to understand its development and to know the current state of its ice 
core. Our main outcome is, that the heterogeneous creeping behavior, the properties of the debris cover as well 
as the internal distribution of ice are the results of a continuous development from a glacier into today's rock 
glacier. In particular, the high ice content in particular sections points to such a glacial precondition. The debris 
layer covering the internal ice attenuates the effect of climate warming. This makes the rock glacier and similar 
rock glaciers found in the northern part of the mountain range important future water resources for the semiarid 
region.
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(Halla et al., 2021; Jones, Harrison, Anderson, & Betts, 2018; Jones, Harrison, Anderson, Selley, et al., 2018; 
Karjalainen et al., 2020; Kellerer-Pirklbauer et al., 2017; Müller et al., 2016). In the western Nyainqêntanglha 
range on the Tibetan Plateau periglacial conditions and related landforms prevail (Anslan et al., 2020; Buckel 
et al., 2021; Keil et al., 2010; Reinosch et al., 2020). Periglacial landforms are generally made of a mix of ice, 
rock debris and sediment (French, 2017; Haeberli et al., 2006). Visible features include rock glaciers, which are 
primarily comprised of angular-rock debris and interstitial ice, ice lenses, and a coarse outer debris layer, which 
freezes and thaws seasonally. This so-called active layer provides insulating and damping properties against at-
mospheric influences (Barsch, 1996; Haeberli et al., 2006) and suggests that rock glaciers are climatically more 
resistant than debris-free and debris-covered glaciers (Jones et al., 2021). Thus, rock glaciers are expected to 
have a long-term importance for water supply under the current global warming trend (Halla et al., 2021; Jones, 
Harrison, Anderson, & Whalley, 2019; Juliussen & Humlum, 2008; Millar et al., 2013).

Gravity-driven creep of debris and interstitial ice are key signs of an active rock glacier (Barsch,  1996; 
French, 2017; Haeberli et al., 2006). The movement creates a lobate or tongue shaped landform with typical 
furrows and ridges (Janke & Frauenfelder, 2008). The lithologic composition and the resulting clast size of rock 
glaciers is indicative of its kinematics, activity and ice content (Barsch, 1996; Degenhardt, 2009; Kellerer-Pirkl-
bauer et al., 2017). Although a widespread feature on the Tibetan Plateau (Buckel & Reinosch, 2021; Z. Ran & 
Liu, 2018; Reinosch et al., 2021), rock glacier characteristics and water storage potential have not been investi-
gated in great detail.

Due to their high elevation and remote location, rock glaciers are usually assessed with remote sensing techniques 
(Jones et al., 2021; Z. Ran & Liu, 2018; Reinosch et al., 2021; Schmid et al., 2015; Villarroel et al., 2018). Inter-
ferometric Synthetic Aperture Radar (InSAR) is widely used to study surface displacements of rock glaciers and 
their variations over several years (Berardino et al., 2002). A recent study in the western Nyainqêntanglha range 
also identifies the active status of rock glaciers by surface displacement rates obtained from perennial InSAR 
data (Reinosch et al., 2021). Although these studies are able to characterize the spatial distribution and activity 
of rock glaciers, there is a general lack of ground truth data, and direct information on subsurface ice fraction at 
the Tibetan Plateau. This information is crucial for a discussion and understanding of the role of rock glaciers 
in the context of climate warming and water storage capacities. To assess the internal structure of a rock glacier, 
several geophysical methods should be applied in combination with geomorphological and geological assess-
ments of the surrounding headwalls and rock materials (Farbrot et al., 2005; Ikeda, 2006; Kellerer-Pirklbauer & 
Kaufmann, 2018; Maurer & Hauck, 2007; Winsor et al., 2020). A recent study employed environmental seismol-
ogy to assess spatial and short-term activity patterns of a single rock glacier (Guillemot et al., 2020). However, 
studies about detailed characterization of rock glaciers (e.g., Blöthe et al., 2020; Halla et al., 2021; Hausmann 
et al., 2007; Kellerer-Pirklbauer & Kaufmann, 2018; Kellerer-Pirklbauer et al., 2017; Maurer & Hauck, 2007; 
Müller et al., 2016) are lacking at the Tibetan Plateau.

Generally, the characteristics and development of rock glaciers are driven by lithology (e.g., Ikeda & Matsuo-
ka, 2006; Matsuoka & Ikeda, 2001) and climate conditions (e.g., Monnier & Kinnard, 2017; Washburn, 1980) and 
are therefore controlled by the availability of water, ice and also, rock debris (Barsch, 1996; Knight et al., 2019). 
In addition to the initial setting controlling rock glacier formation (Bolch & Gorbunov, 2014; Kellerer-Pirklbauer 
& Kaufmann, 2018; Winsor et al., 2020), concepts of its evolution pathways have also be proposed: Anderson 
et al. (2018) modeled a continuous pathway by using different states of the equilibrium line altitude (ELA) to de-
scribe the evolution of a glacier into a debris covered glacier and finally into a rock glacier as an endmember. The 
increase of debris amount in this continuum delayed the response of the debris-covered glaciers of melting to cli-
mate warming (Collier et al., 2015) and its evolution into the endmember “rock glacier” (Anderson et al., 2018). 
The internal ice fraction is therefore a significant and persistent fresh water resource considering that glaciers 
without debris cover usually melt during an early stage of climate warming (Azócar & Brenning, 2010; Jones 
et al., 2021; Jones, Harrison, Anderson, & Betts, 2018; Monnier & Kinnard, 2015). Knight (2019) and Knight 
et al. (2019) identify the mutual dependencies between three factors “water-sediment-temperature” wherein the 
dominant (glacial-periglacial-paraglacial) processes lead to a specific evolutionary rock glacier type. Monnier 
and Kinnard (2017) highlighted the interaction between glacially and periglacially driven landform evolutions 
and suggested a non-continuous pathway in the glacier to rock glacier transition. These concepts overcome a 
unilateral explanation (glacial or periglacial) of rockglacier development including the coexistence of different 
rock glacier evolution types.
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In semiarid and highly elevated mountain ranges, like the northern part of the western Nyainqêntanglha range 
(Anslan et al., 2020; Bolch et al., 2010), the extent of the source areas for moisture and sediment of the rock 
glacier might be limited (Blöthe et al., 2020; Humlum, 2000; Janke & Frauenfelder, 2008). In general, the mois-
ture of rock glacier ice can originate from precipitation, snow or glacial melt, as well as debris-covered glacial 
remnants. To allow water and moisture to intersperse and refreeze inside a rock glacier, a sufficient sediment 
amount and size need to be available (Jones, Harrison, & Anderson, 2019; Rowley et al., 2015). For example, ice 
can aggregate more easily in smaller grain size due to the high capillary pressure and water retention potential 
(French, 2017). Due to reduced moisture availability in semiarid climates chemical weathering is limited (Yu 
et al., 2019). Therefore, the availability of greater sized sediments and a general lack of moisture might be the 
main limiting factors for distinctive periglacial ice aggregation.

We characterize one single rock glacier with respect to the morphostructure (geomorphic and geologic character-
ization), the internal ice distribution as well as the kinematics using a suite of field and remote sensing methods. 
Additionally, the studied rock glacier is located in a special climate setting (intersection of the Indian summer 
monsoon and the Westerlies), which characterizes the northern part of the western Nyainqêntanglha range as a 
semiarid region (Anslan et al., 2020).

By investigating this rock glacier, we aim at better understanding its characteristics with respect to: (a) internal 
structure (debris and ice distribution), (b) current state as well as dynamics, and (c) the local conditions, which 
control the location and formation of the rock glacier within the semiarid environment of the western Nyainqên-
tanglha range and which are indicated by a regionalization using the studied rock glacier as an endmember in 
a recurrent toposequence. To achieve this, we use a complementary approach which combines remote sensing, 
geophysical, geomorphological and geological methods.

2. Study Area
The Nyainqêntanglha range, with elevations up to 7,162 m a.s.l., on top of the Tibetan Plateau (∼3,500–4,500 m 
a.s.l.) poses a NE-SW oriented topographic barrier to the two dominating and seasonal wind systems, the Indi-
an Summer Monsoon (ISM) from the south and the Westerlies (T. Yao et al., 2013; Yatagai & Yasunari, 1998) 
(Figures 1a and 1b). The barrier creates a climatic and hydrological divide between the semiarid catchment of the 
lake Nam Co (300 mm/y) in the North and the Yangbajain-Damxung valley (460 mm/yr) as part of the Tsang-
po-Brahmaputra River system in the South of the mountain range (Anslan et al., 2020; Keil et al., 2010). Due to 
the difference in moisture availability, a more extensive glaciation (Bolch et al., 2010) and greater numbers of 
rock glaciers have been observed in the Southern (1133) than in the Northern part (300) of the Nyainqêntanglha 
Range shown by a rock glacier inventory (Buckel et al., 2021; Reinosch et al., 2021). 91.3% of the active rock 
glaciers are located in the Southern part of the water divide. Rock glaciers cover an area of 124.9 km2 at the 
mountain range while the glaciated area covers 575.7 km2 (Reinosch et al., 2021). G. Li and Lin (2017) identify 
a glacial mean annual mass loss rate of 0.127 m w.e./yr for the entire range.

The investigated rock glacier is max. 750 m long, max. 430 m wide and covers an area of 0.24 km2 in the Qugaqie 
basin (Figures 1b and 1c). It ranges from 5,466 to 5,566 m a.s.l. and shows an overall tongue shape. It is located 
within a glacial cirque orientated towards NNE, where the slopes are interrupted by a flat valley plain in between. 
Since the rock glacier rests within a narrow valley, all adjacent slopes can potentially contribute debris, sediment, 
and water toward it. Directly adjacent to the north-orientated landform a cirque glacier covers the leeward (in 
ISM direction) valley head (Figures 1c and 2, location map). This cirque glacier is free of superficial debris and 
seems disconnected from the valley plain. The rock glacier's headwall is more than 35° steep and periodic sedi-
ment release was audible and visible during field work 2019 (8–22 November 2019) due to high rock fall activity.

The semiarid conditions are further enhanced by the high evapotranspiration rates due to high atmospheric trans-
missivity for solar radiation and a generally low cloud cover at these high elevations (Duan et al., 2012; J. Li 
et al., 2009; Wang et al., 2019). The mean annual air temperatures for the Nyainqêntanglha Range are generally 
below 0°C leading to the presence of permafrost (Keil et al., 2010; B. Li et al., 2014). It is assumed that 40%–60% 
of the mountains contain permanently frozen ground (Zou et al., 2017), classified as high-altitude isolated per-
mafrost (Y. Ran et al., 2012). Since the quaternary glaciations, the highest peaks of the Nyainqêntanglha range 
have been continuously glaciated (Bolch et al., 2010). Prominent moraine ridges suggest a former valley floor 
glaciation at the northern part of the mountain range (Buckel et al., 2021; Dong et al., 2014). Above the lateral 
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moraines, south-orientated debris mantled slopes dominate the valleys of the northern part of the western Nyain-
qêntanglha range (Fort & van Vliet-Lanoe, 2007).

The general geological makeup of the Nyainqêntanglha range is based on Cretaceous to Tertiary Granitoids and 
Orthogneiss (Edwards and Ratschbacher, 2005; Kidd et al., 1988; Law & Allen, 2020). Following the National 
Geological Archives of China (NGAC), the dominant lithology in the studied catchment is granodiorite (Yu 
et al., 2019). Two major fault systems dissect the Nyainqêntanglha massive in this area. Normal faults with a 
NE-SW strike, parallel to the orientation of the mountain range, have been associated with the orthogenesis of 
the Tibetan Plateau (Armijo et al., 1986; Blisniuk et al., 2001; England & Houseman, 1989; Molnar & Tappon-
nier, 1978; Taylor et al., 2003; Yin & Harrison, 2000; Yin et al., 1999) and SE dipping normal detachment faults 
which transition at depth into low-angle shear zones (Harrison et al., 1992; Kapp et al., 2005).

3. Materials and Methods
To characterize the rock glaciers interior, morphology and surrounding we followed an approach two, but nested, 
spatial scales. At the local scale, the applied methods can be further divided into short and long-term investi-
gations. The local short-term methods resemble geophysical, geological and geomorphic field measurements. 
Geophysical field methods, like electrical resistivity tomography (ERT) and ground penetration radar (GPR) 
are employed to detect the fraction of ice and debris in the composition of the rock glacier. Local mapping and 
investigations of lithology and morphology of the rock glacier and its surrounding catchment are complimented 
by remote sensing. To assess short-term kinematical dynamics and possible temporal variations (from hours 
to days), we use a small seismic network on the rock glacier. For the longer-term (here four years) surface dis-
placement rates and kinematics of the rock glacier we use InSAR-data. All methods are introduced in detail in 

Figure 1. Location of the study area. (a) Location (black dot) of the western Nyainqêntanglha range at the Tibetan Plateau 
(elevation data based on SRTM DEM v4; Jarvis et al., 2008) and the dominant wind systems: westerlies (blue arrows), Indian 
summer monsoon (red arrows), and East Asian monsoon (black arrows) based on T. Yao et al. (2012). (b) Overview map 
of the western Nyainqêntanglha range and the Qugaqie basin (thick black lines). Glacier extents originated from GLIMS 
database (Cogley et al., 2015; Guo et al., 2015). The blue rectangle locates the optical image of map (c). (c) Southern part 
of the Qugaqie basin including the studied rock glacier (white rectangle, shown in Figure 2). The yellow line indicates the 
location of the profile of panel (a) in Figure 10. Background based on Sentinel II satellite image, recorded 30 January 2018.
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the following subsections. The location of the used geophysical methods, the 
sample locations and the location of the clast analyses are given by the map 
in Figure 2. The found characteristics suggest a zonation of the rockglacier in 
three parts. This zonation is recurrent in the findings of each applied method 
and is used to interpret the data. In an attempt to extrapolate our findings to 
the regional scale, the western Nyainqêntanglha range, we use a conceptu-
al approach (Anderson et al., 2018) combined with an existing rock glacier 
inventory (Figure 1b, Buckel & Reinosch, 2021). We aim to identify simi-
lar topographic profiles with similar rock glaciers as endmembers, so called 
“toposequences.”

3.1. Morphostructure and Geology

We use structural geological and geomorphological mapping techniques in 
the field as well as remote analysis of a digital elevation model (DEM) to 
characterize the catchment and the morphostructure of the rock glacier. We 
mapped ridge and furrow distribution in the field and remotely. For the ridge 
mapping, the location and the extent of ridges were tracked in the field by a 
handheld global positioning system (GPS) device with a precision of approx-
imately 6 m depending on the availability of satellites. Geological structures 
and distributions were mapped in the field.

To assess surface debris sizes, shapes and orientations, we measured the di-
mensions of clasts using a modified pebble count approach (after Ballan-
tyne, 1982). The method has been developed to quantify debris size distribu-
tions in fluvial transport (Wolman, 1954), but has also been applied in glacier 
and rock glacier studies to track the debris origin and to evaluate erosional, 
transportational and depositional processes (Benn & Ballantyne, 1993, 1994; 
Lukas et al., 2013; Sampson & Smith, 2006). Along two transects of about 
150 m length covering furrows and ridges, perpendicular to the rock glacier 
ridges surface slope, we sampled size and shape of clasts at 16 samplings 
sites. Each sampling site was a 2 m long scan line. Along this scan line, clasts 
larger than 1 cm were considered in the analysis. We modified the method so 
far as that we measure parallel and perpendicular to the scan line (meaning: 
a—line parallel; b—line perpendicular and horizontal; c—line perpendicular 
and vertical). In this way the ratio between the x and y axis gives estimation 

for the orientation of the surface clast relative to the scan line. A total of 428 clasts have been measured by this 
way.

For the lithological identification of the debris source areas, we used a geological map (Yu et al., 2019), and 
collected rock samples and analyzed them with a hand held lens in field as well as by thin sectioning (25 μm 
thickness) in the laboratory.

3.2. Geophysical Methods

Geophysical methods provide information about the subsurface non-invasively. Inhomogeneities and internal 
structures of the subsurface are displayed based on physical properties (conductivity, permittivity, etc.) of various 
materials. We used three geophysical methods (Sections 3.2.1–3.2.3) to derive the active layer and to differentiate 
information about the debris and the subsurface ice fraction.

3.2.1. ERT

ERT provides two-dimensional tomograms of the subsurface electrical resistivity, that is, the variation of the 
resistivity in the horizontal and vertical direction. The electrical resistivity of ice is particularly high compared 
to that of other materials. Therefore, ERT is a useful tool to identify subsurface ice distribution in cryospheric 
research. We measured five ERT profiles (Figure 2; profiles a—e) with the Wenner array-type during two field 

Figure 2. Location of the applied field methods. Note that the ground 
penetration radar profile was collected along the electrical resistivity 
tomography tomogram D. The map encompasses the area marked by the white 
rectangle in Figure 1c.
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seasons in July 2018 and September 2019. The aim of the first field season was to assess the occurrence of 
subsurface ice. In this context, the three tomograms (b–d) (spacing 2 m) have already been discussed by Buckel 
et al. (2021). During the second field season, two additional tomograms (a and e) were acquired with a larger 
spacing of 4 m to further investigate the internal structure of the rock glacier and to assess the subsurface ice dis-
tribution down to greater depths. Tomograms (b–d) are used in this study to characterize different subsurface ice 
distributions. Profile A covers the frontal lobe of the rock glacier to deduce ice content and the status of activity. 
The profile crosses a stream originating from the rock glacier spring.

The data acquisition was carried out with the “GeoTom-MK” (GEOLOG2000, Augsburg, Germany) equipped 
with 75 electrodes, partly by the roll-along procedure (Buckel et al., 2021). Steel pikes placed in wet sponges and 
fine grained material reduced the usually high coupling resistance on the blocky rock-glacier surface. Data in-
version was performed using the Res2Dinv software (©Geotomo Software), which uses a smoothness-constraint 
least squares inversion approach (Loke & Barker, 1995) to adjust a subsurface resistivity model to the measured 
data. Topographic information was included in both the inversion process and the final visualization of the pro-
files. Further details on field procedure and inversion are given in Buckel et al. (2021).

In order to obtain subsurface ice distribution from the ERT tomograms, we classify the substrate into four types 
depending on the resistivity: unfrozen substrate (<50 kΩm), ice-poor permafrost (50–150 kΩm), ice-rich per-
mafrost (150–2,000 kΩm) and substrate-poor ice (>2,000 kΩm). Our classification is based on resistivity values 
of different rock glaciers in the Alps (Hauck & Kneisel, 2008; Kneisel et al., 2008; Mewes et al., 2017; Von der 
Mühll et al., 2002).

The main challenges and uncertainties in the method in this terrain arise from the coupling of the pikes to the 
substrate to allow current flow (Hauck & Kneisel, 2008; Krebs et al., 2020). Finer substrate which is usually used 
to stick the pikes into the ground, is absent on the rough and blocky surface of a rock glacier. Sponges and salted 
water can improve the coupling of the pike electrodes to the blocks in direct contact (Hauck & Kneisel, 2008). 
However, if the contact to the underlying blocks is poor due to lack of fine substrate, no sufficient current can 
be injected and/or voltage readings become unstable. In either case, measurements carried out with the corre-
sponding electrode are not suitable for assessing the subsurface resistivity. In such cases, we shifted the pikes to 
locations which provided better coupling conditions but were also as close as possible (max. 1 m) to the original 
position.

3.2.2. GPR

In addition to ERT, GPR can provide information on the inner structure of a rock glacier, in particular, the active 
layer thickness and ice-debris composition. In order to cross validate the interpretation of the ERT tomogram, 
common-offset GPR data was collected using a Noggin® GPR system (Sensors and Software, Ontario, Canada) 
with a 100 MHz antenna along the first 253 m of profile (d) (Figure 2). Measurements were triggered manually 
with a unit spacing of 1 m. The shortening of the GPR profile by 25 m (in comparison to the ERT profile d) was 
due to the risk of injury from large unstable blocks along the last part of the profile. Processing of the GPR data 
included: (a) high-pass filtering of single-trace data with a cut-off frequency of ∼60 MHz (instead of Dewow 
filtering), (b) subtraction of the average signal (computed as the moving average over 100 neighboring traces) 
for background removal, (c) low-pass filtering of single-trace data with a cut-off frequency of 200 MHz to re-
move high-frequency noise, and (d) application of time-dependent gains based on an exponential compensation 
approach. The processing steps were implemented in MATLAB (Supporting Information S1). We used an esti-
mated wave velocity of v ≈ 0.134 m ns−1 (i.e., relative permittivity εr = 5), which is an average value for frozen to 
unfrozen ground (e.g., Otto et al., 2012), to convert two-way travel times into a depth scale for the GPR profile. 
Topographic information was included in the final visualization of the radargram. For detailed information, 
please refer to Supporting Information S1.

Uncertainties result from errors in timing, wave-velocity estimate, and the horizontal location along the profile 
for a quantitative analyze of the GPR data (Lapazaran et al., 2016). As we interpret GPR data qualitatively, such 
errors only play a secondary role. Instead, we consider the orientation of the antenna on the rough surface of the 
rock glacier the main source of error: The blocky material and the varying orientation of the surfaces of the indi-
vidual blocks result in antenna orientations, which may not be parallel to the topography. This uncertainty in the 
antenna orientation results in an error in the location of GPR reflections, especially at larger depths. However, as 
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the GPR profile is much longer (253 m) than deep (∼20 m), this error does not significantly affect our qualitative 
interpretation with regard to the zonation of the rock glacier.

3.2.3. Seismic Monitoring (Short-Term Kinematics)

To study the expressions of short-term kinematics of the landform, we installed a small network of seven seismic 
stations (geophones) on the rock glacier (Figure 2). Data collected over an 11 day period from 10 September 2019 
to 21 October 2019 were analyzed with the software “eseis v. 0.6.0” (Dietze, 2018a, 2018b). The analysis focused 
on three objectives: (a) determining the active layer thickness by passive seismic noise analysis, (b) detecting and 
locating seismic signals due to cracks emerging from the landform under investigation (see Text S2 in Supporting 
Information S1 for details), and (c) by complementing InSAR's low sensitivity toward northward and southward 
displacement.

The lower boundary of the active layer of rock glaciers usually exhibits a strong contrast in seismic wave velocity 
(Guillemot et al., 2020). Thus, horizontal to vertical spectral ratio (HVSR) analysis (Del Gaudio et al., 2014; 
Nogoshi & Igarashi, 1971) can provide a convenient way to estimate the thickness of the active layer in the vicin-
ity of the station, assuming a constant underground structure with a well-defined active layer boundary as well 
as a homogeneous distributed seismic wave source. Hence, either weak velocity contrasts or spatially changing 
active layer thicknesses, or local amplifications of seismic noise sources can lead to poorly defined HVSR re-
sults. In contrast, stable resonance peaks of the HVSRs, calculated from 10 min long time snippets, relate to layer 
thickness through the shear wave velocity, which we estimated to be 325–426 m/s (Guillemot et al., 2020). For the 
second objective, the seismic data was automatically screened with a classic event detection routine (STA-LTA-
ratio picker; Allen, 1982) and false events were rejected based on expected minimum and maximum crack signal 
durations, frequency content and lacking co-detection by multiple stations (Polvi et al., 2020; Weber et al., 2018). 
The remaining crack signals were located using the amplitude modeling technique (Walter et al., 2017) and the 
resulting event locations were regionalized with a 2D kernel density interpolator (Baddeley et al., 2015). The 
temporal occurrence of events was analyzed at the diurnal scale and throughout the 11 days survey period. For 
detailed information, we refer to Supporting Information S1.

Parameters that were essential for the crack signal location approach have been constrained by measuring the time 
differences between waveforms at station pairs with known distances to control sources. For the control sources, 
we used field activities at known locations. As an example, the data for hammer blows to deploy ERT probes are 
shown in Figures 3a and 3b. Seismic location estimates of these regular signals (Figure 3a) were closest to the 
known origins (Figure 3b) when using an apparent seismic wave velocity of 1,600 m/s for the signal migration 

Figure 3. Illustration of the calibration procedure. (a) Seismograms of control events (filtered between 20 and 40 Hz). (b) Map of the control event location (red circle) 
and results of seismic approaches with optimized parameters (i.e., apparent wave velocity = 1,600 m/s, ground quality factor = 80). The black line indicates Profile D in 
Figure 2. (c) Site amplification factors for all seismic stations as obtained by averaging results of six regional earthquakes.
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approach (used here only to constrain the velocity estimate, for details on the method see Dietze et al. [2020]), 
and a ground quality factor of 80. Both approaches yield the correct location with a deviation of less than 20 m, 
that is, about 7% of the average station spacing, a value in the range of other studies (Dietze, 2018a, 2018b; Polvi 
et al., 2020).

3.3. InSAR-Time Series Analyses

The InSAR technique is frequently used to monitor earth's surface displacements with remote sensing methods. 
It has been used in numerous recent studies to assess the surface velocity of rock glaciers in the Andes, the Eu-
ropean Alps, the Tien Shan, and the Tibetan Plateau (Kääb, 2008; Reinosch et al., 2021; Strozzi et al., 2020).

Here, we use InSAR-data of the Sentinel-1 satellite to detect the long-term kinematics of the rock glacier. The 
surface displacement calculated here is one-dimensional and provides information only along the line-of-sight 
(LOS) of the satellite, meaning that only displacement toward the satellite or away from it can be observed. The 
LOS of the Sentinel-1 satellite results in a high sensitivity to vertical displacements and to displacements toward 
the east or west. Its sensitivity to displacement toward the north or south is therefore low (Reinosch et al., 2020). 
We use acquisitions of both the ascending and the descending orbit (i.e., when the satellite is traveling south to 
north and north to south, respectively). We refer the reader to Reinosch et al. (2020) for a more detailed descrip-
tion of data and processing. Sentinel-1 acquisitions of our study area are available at mostly 24–48 days intervals 
in 2015 to 2016 and at 12-day intervals from 2017 onwards. We use 74 ascending acquisitions and 63 descending 
acquisitions from 2015 to 2018.

We apply the Small Baseline Subset (SBAS) technique (Berardino et al., 2002), which uses multiple consecutive 
InSAR pairs to estimate the surface displacement of the area of interest over a period of several months to years. 
Intermittent SBAS (adapted by Sowter et al. [2013]) allows the interpolation of time periods where the coher-
ence of a pixel drops below a chosen threshold. We chose a coherence threshold of 0.3 which a pixel needs to 
exceed during at least 75% of the observation time. This value is similar to the one used by Sowter et al. (2013) 
and achieves high spatial coverage without including areas with high signal-to-noise ratios such as wetlands or 
glaciers. Spatial data gaps indicate areas where the coherence is below our chosen threshold of 0.3 for more than 
25% of the observation period. Low coherence values are caused by changing backscatter properties (e.g., from 
snow cover), different motion directions within one resolution cell or sudden displacements, like rock falls.

The motion of rock glaciers is generally gravity-driven and directed downslope (Barsch, 1996). We therefore 
projected the LOS displacement onto the direction of the steepest slope following the method described by Notti 
et al. (2014). The precision of the projected surface velocity was estimated to vary from 2 to 12 mm/yr depending 
on the displacement direction (Buckel et al., 2021). Grebby et al. (2019) calculated a root-mean-square-error of 
3.18 mm/yr when comparing their LOS SBAS results to leveling data near oil fields in Kazakhstan. No in situ 
data is available for our study area, making an accurate assessment of the precision of the velocity data rather 
difficult. On likely stable moraines we observe a standard deviation of 2.4 mm/yr in LOS. This would equate to 
a standard error of 2.4–12.0 mm/yr for the projected surface velocity depending on the displacement direction 
(Buckel et al., 2021). The velocity of approximately northward or southward creeping areas is greatly underesti-
mated by InSAR techniques. To compensate for the underestimation, a larger projection coefficient is used when 
projecting the LOS velocity in the direction of the steepest slope in these areas, thereby also leading to a larger 
standard error. This directional sensitivity of InSAR for the estimation of surface displacements is a methodo-
logical drawback which may be compensated by the comparison with independent data, such as environmental 
seismology.

4. Results
4.1. Morphostructure

The rock glacier, situated in a glacial cirque, shows a tongue shape form and is max. 750 m long, max. 430 m 
wide. A heterogeneity in terms of its ridge location is observed (Figure 4): There are two major ridges and seven 
minor ridges. Section 1 represents the frontal part of the rock glacier, characterized by a single ridge on top of 
the lobe. The slope of the lobal front reaches a maximum angle of 30°. A long ridge dominates the eastern part 
(Section 2) of the rock glacier. As indicated by the small slope angle and the contours (around 5,490 m a.s.l.), 
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the central part of Section 2 is occupied by a large depression. Larger slopes 
and a higher number of ridges characterize the western part (Section 3) of the 
rock glacier. Here, variations in the slope indicate a sequence of flat and steep 
areas in the shape of bulges. The contours (5 m distance) imply a constant 
increase from the deepest to the highest line, parallel to the western slope.

The dominant lithology of the catchment is granodiorite. However, mylonite, 
a metamorphic rock that forms under strong shear strain along fast ductile 
fault zones through crystal-plastic deformation, is also present in about one 
quarter of the catchment area. It appears almost exclusively on the upper 
mountain flanks in the head of the valley and west of the ice field (Figure 5a). 
The transition from granodiorite to mylonite, which marks a local fault zone, 
is visible by an abrupt change in color, from light gray granodiorite to black 
mylonite.

The difference in color of the mafic (dark) mylonitic clasts and the felsic 
(bright) granodioritic clasts is due to their inherent mineral composition (Fig-
ure 5b). Mylonite shows a greater abundance of mafic porphyroclastic and 
secondary minerals (∼30%–60%), while granodiorites mainly consist of fel-
sic igneous minerals (∼95%). The mylonite is a metamorphic rock that forms 
generally under strong shear strain along fast ductile fault zones through 
crystal-plastic deformation. It is characterized by significantly smaller over-
all crystal grain sizes and textural high stress indications, such as dynamic 
quartz recrystallization, granulation, foliation and augen texture.

The differentiation between the two lithologies is also evident in ternary di-
agrams quantifying the local clast distribution. The diagrams reveal differ-
ent clast shapes at the western and eastern part of the rock glacier. The 188 
samples in the western part (Section 3; Figure 5c) show a difference in clast 
type distribution compared to the 187 samples in the eastern part (Section 2; 
Figure 5d). The western part contains more platy and blocky clasts and fewer 
elongated clasts, whereas the eastern part is characterized by many blocky 
clasts and fewer platy or elongated shapes. This is also reflected by the sig-
nificantly larger average length of the orthogonal axes A and B (Figure 5e).

4.2. Subsurface Ice Distribution and Active Layer Thickness

4.2.1. ERT and GPR

To investigate the subsurface structure of the rock glacier, five ERT-profiles were collected which indicate a 
broad range of resistivity values. The first part of tomogram (a) (Figure 6a, dashed line) is located on a plain 
and vegetation covered valley-floor without any surface-roughness (0–110 m). This area is currently not affected 
by the studied rock glacier or any other glacial processes. The second part covers the rock glacier front (dashed 
line, according to Section 1) between 110 and 210 m along the profile. The resistivity values are relatively low, 
with values <50 kΩm across the first 20 m of depth. A second layer with higher resistivity values (50–100 kΩm) 
extends through the entire tomogram (a).

A much larger resistivity range from <1 kΩm to 4 MΩm characterizes the ERT tomograms (b–e). A layered 
structure is visible, which consists of a first, shallow layer with significantly smaller resistivity, and a second, 
deeper layer with significantly higher resistivity values. The shallow layer is characterized by resistivity values 
generally below 50 kΩm, and irregular segments with resistivity values of up to 75 kΩm (Figure 6d). The thick-
ness of this layer varies between 2 and 8 m. The suggested layering derived from ERT-data is also observed in the 
collocated GPR data (Figure 6di vs. 6dii and 6diii). The first layer is characterized by a smaller diffuse reflectivity 
(Figure 6di) compared to that of the second layer. In the second layer, the higher resistivity values correspond to 
a higher diffuse reflectivity (Figures 6dii and 6diii).

Figure 4. (a) Overview map (contour lines in white) of the studied rock 
glacier including locations and viewing directions of the photograph in 
Figure 5a. The classification of section 1 (rock glacier front), 2, and 3 is based 
on the clast analysis (see text).
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The second layer recurs in the ERT tomograms (b–e), which cover a large range of resistivity values (50 kΩm–
4 MΩm). The values in tomogram (b) of the eastern rock-glacier part (Section 2) range between 150 kΩm and 
2 MΩm between 20 and 85 m along the profile. From 85 to 130 m the resistivity values exceed 2 MΩm. Tomo-
gram (c) on the western part of the rock glacier (Section 3) starts at the lateral slope (0–35 m along the X-axis) 
and indicates high resistivity values between 150 kΩm and 2 MΩm, too. From 35 to 90 m, the resistivity values 
slightly decrease before dropping to values <50 kΩm between 90 and 120 m. The second layer of tomogram D in-
cludes resistivity values in the same range as tomograms (b and c) (150 kΩm to2 MΩm). Between 150 and 180 m, 
the resistivities increase to values higher than 2 MΩm. This zone is approx. 15 m thick and underlies a mapped 
ridge of the rock glacier. In the same section, the GPR-profile indicates less reflective material compared to the 

Figure 5. (a) Panorama view of the rock glacier including the zonation into 3 sections and the bedrock geology. The red 
lines indicate the normal fault. (Photo: J. Buckel). (b) Samples and thin sections of mylonite and granodiorite. (c and d) Clast 
characteristics presented in triangular diagrams according to Benn and Ballantyne (1993) of the granodioritic part (Section 3) 
and the mylonitic part (Section 2) of the rock glacier: Ternary diagrams represent the clast shapes according to Graham and 
Midgley (2000). (e) Mean lengths of the three orthogonal clast axes. The legend of clast types and ratio definitions are based 
on Ballantyne (1982).
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Figure 6.
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surrounding area (Figure 6iii). Tomogram (e) in Section 3 underpins the two-layer structure seen in tomogram 
(b–d) without any significant inhomogeneities.

4.2.2. Active Layer Thickness by Seismic Depth Analysis

Another way to assess the overall thickness of the active layer is to invert the seismic data. The results of the seven 
seismic stations (location in Figure 2) show two clusters of HVSR phenomena. Stations TIR01, TIR04, TIR06, 
and TIR07 (Figures 7b and 7c) yield temporally persistent and clear spectral ratio peaks, which in general range 
between 29 and 41 Hz. Station TIR01 shows a further spectral ratio peak at 11 Hz. Taking the range of possible 
velocities (325–425 m/s) into account, these spectral ratios translate into resonance layer thicknesses of 1.9–2.6 m 
for the high frequency peak as well as 7.5–9.7  m for the low frequency peak (TIR01), 2.8–3.7  m (TIR04), 
2.0–2.7 m (TIR06) and 2.1–2.7 m (TIR07). In contrast, stations TIR02, TIR03 and TIR05 indicate considerably 
less pronounced and stable HVSR peaks. Only station TIR05 displays a slight but broad peak around 54.5 Hz, 
corresponding to a resonance layer thickness of 1.5–1.9 m.

Figure 6. Panels (a–e) illustrates the results of the electrical resistivity tomography (ERT)- and ground penetration radar (GPR)-measurements. The dashed line of 
tomogram A indicates the supposed rock glacier front in Section 1. Profile B is located in the eastern Section 2. Section 3 is represented by profiles (c–e). The GPR-
profile (D-GPR—D′-GPR) is located along the ERT-profile (d). The correspondence between GPR reflectivity and ERT resistivity is indicated by three rectangles (i, ii, 
and iii) and the corresponding arrows.

Figure 7. Horizontal-to-vertical spectral ratio (HVSR) analysis results of the seven seismic stations on the rock glacier. 
The corresponding station location is indicated in Figures 2 and 3. (a) HVSR-value, color-coded as function of time and 
frequency. Example of a poorly developed time-resolved HVSR series, which is representative for the averaged ratios with 
yellow background in panel (c). (b) Example of well-developed HVSR series, which is representative for the ratios with green 
background. (c) HVSR versus frequency for the seven stations, and active layer depth derived from the corresponding spectral 
peaks.
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4.3. Kinematics of the Rock Glacier

4.3.1. InSAR-Time Series Analyses (Long-Term Kinematics)

The long-term kinematics estimated with InSAR SBAS indicate heterogene-
ous creeping directions based on the combination of the mean flow direction 
and the surface displacement (Figure 8). This creeping pattern is based on 
828 rastercells with a coherence >0.3 while 82 rastercells (9%) are excluded 
due to a coherence <0.3. Section 1 clusters a mean flow direction toward 
north out of the cirque. Sections 2 and 3 creep mainly toward the central de-
pression of the rock glacier. The highest surface displacement rates amount 
up to 150 mm/y. Three main creeping directions with different mean veloc-
ities are observed, which roughly correspond to the zonation into the three 
sections discussed above (black arrows, Figure  8). The frontal lobe (Sec-
tion 1) creeps toward the north with the lowest median velocity of 20 mm/yr 
based on 109 rastercells (ncell). The eastern Section 2 creeps mainly toward 
a central depression located along the border between Sections 2 and 3 at 
a velocity of 31 mm/yr (ncell = 335). Section 3 shows surface displacement 
mainly toward the east with 43 mm/yr (ncell = 384), and toward the central 
depression. The InSAR sensitivity and therefore the reliability of the creep-
ing pattern is the highest in Sections 2 and 3 due to the east-west creeping 
direction (Reinosch et al., 2020). The reliability in Section 1 is relatively low 
due to the north-orientated creeping direction.

4.3.2. Seismic Crack Event Location (Short Term Kinematics)

The STA-LTA picking routine yielded several thousands of initial events, 
which reduced to 1968 potential crack events after applying the automat-
ic rejection criteria. After manual checks (see Text S2 in Supporting Infor-
mation  S1) we received 304 manually confirmed crack signals during the 
11 days survey period. Crack events occurred without obvious temporal clus-
ters during the entire survey period (Figure 9a). However, at the diurnal scale, 
cracks happened most frequently during night time, peaking at around 8 a.m. 
in the morning (Figure 9b). Regarding their spatial distribution, there appear 
to be two outstanding clusters (Figure 9c): at the outer edges of Sections 1 
and 2 of the rock glacier (47% of all events) and along the western margin of 

the upper part (Section 3) of the rock glacier (53% of all events). When taking into account the location uncer-
tainty and thus grouping the events based on the three sections of the rock glacier with an outer buffer of 20 m, 
73 cracks are located in Section 1, 68 cracks in Section 2, and 150 cracks in Section 3.

5. Discussion
5.1. Morphostructure and Geology of the Rock Glacier

The investigated rock glacier is located in a glacial cirque. The morphology of the rock glaciers is characterized 
by two longitudinal ridges, which we interpret as former lateral moraines and the front of the rock glacier con-
sisting of moraine deposits in the sense of a push moraine (Barsch, 1977; Dusik et al., 2015). The longest ridge in 
Section 2 surrounds a central depression at 5,490 m a.s.l. that connects with the headwall on which the remaining 
ice field is located.

Indicative for a previous glacier and glacial transport is the apparent sorting in the clasts along the ridge which is 
linked to the sourcing area within the catchment. We identified two distinct lithological units in the catchment, 
the previously known main unit granodiorite (Kapp et al., 2005; Yu et al., 2019) as well as a metamorphically 
altered unit of mylonite. The mylonite covers about one quarter of the catchment slopes and potentially extends 
further into neighboring valleys along a fault. The presence of mylonite at an abrupt contact to the granodioritic 
unit highlights that tectonic structures such a deep crustal fault zone, in which mylonites form, can control the 

Figure 8. Mean annual creeping direction (2015–2018) of the rock glacier's 
surface and the corresponding SAR sensitivity. Black arrows indicate the 
dominating creeping direction within the three sections.
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lithology and especially the debris size and properties. These properties were preserved in the corresponding 
Section 2 and 3, while Section 1 indicates a stronger clast mixing due to former glacial and recent periglacial 
processes

Clast size and shape analysis are commonly used to determine the source area, transport path (Jones, Harrison, & 
Anderson, 2019) or transport distances of supra- and subglacial debris (Benn & Ballantyne, 1994). Usually this 
methods is applied assuming a single lithological unit (Lukas et al., 2013). In our clast analysis we can clearly see 
the imprint of the two different lithological units, where the massive granodiorite produces blockier clasts while 
debris also sourced from the mylonite exhibits platy and elongated shapes as well. The preserved spatial sorting 
in the ridge in Section 3 points to glacially influenced pathways of the debris (compare Gibson et al., 2017). The 
periglacial processes have not yet overprint the glacial origin of the sediment sorting. The sorting of clasts is thus 
preconditioned by the geology and its spatial pattern conditions by past glacial transport processes.

To form a rock glacier, the catchment needs to source enough debris. A previous study in the humid climate of the 
alps found that large rock glaciers preferentially form in rheological strong lithology, like granitoids (Matsuoka 
& Ikeda, 2001). The reasoning being that the weatherability is low enough to sustain larger blocks for the cover, 

Figure 9. Seismic signal characteristics of manually confirmed crack events. (a) Occurrence of events as a function of time 
throughout the survey period. (b) Occurrence of crack signals at the diurnal scale, shown as kernel density estimate plot. (c) 
Map showing the crack locations (black dots) and spatial density estimation. (d) Map showing seismic crack locations and 
creeping behavior derived by InSAR-data.
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while fine-grained materials for the rock glacier body can easily be sources by weathered material, solifluction or 
debris flows. Alike this study, the main lithological unit of the catchment is granodiorite, a granitoid. Unlike the 
study by Matsuoka & Ikeda (2001), the climate in the western Nyainqêntanglha range is semiarid. In a semiarid 
climate the weathering is mainly facilitated by physical weathering, which can cause a limitation in fine-grained 
material sources. Especially in Section 3, the provenience of mylonites, which are due to their formation, rheo-
logically weaker and highly fractured, might provide the necessary fine grained material need to store water and 
ice in the rock glacier body.

5.2. Subsurface Ice Content

To assess the interior of the rock glacier and estimate the ice content we applied geophysical methods. The ERT 
and the GPR provide insights into the rock glacier and material properties along transect perpendicular to the 
main ridges of the rock glacier. The wide range of resistivity values and the layered structure of the subsurface 
evident of tomograms (b–e) (Figure 6) is typical for ice-containing rock glaciers (Hauck & Vonder Mühll, 2003). 
One exception is tomogram A in Section 1 (Figure 6a). The first layer exhibits resistivity values lower than 50 
kΩm, which we interpret as unfrozen substrate according to the literature (e.g., Hauck & Kneisel,  2008). A 
second layer below approximately 20 m shows resistivity values between 50 and 100 kΩm. Since core drilling 
or geophysical methods which provide high resolution at greater depth are not available, we use indirect con-
siderations on the morphology to interpret the layer: Due to the flat terrain in the front of the rock glacier with 
a complete vegetation cover and absence of any blocky surface roughness, we can exclude a recent influence of 
the studied rock glacier or any recent glacial processes. Therefore, we assume to detect bedrock with resistivity 
values between 50 and 100 kΩm (similar to unfrozen bedrock shown by Keuschnig et al., 2017) underneath an 
unfrozen sediment layer. The relatively low resistivity within the frontal part (dashed line, Figure 6a) does not 
show significant contrast and a typical layered structure (active layer and the underlying ice-debris mixture, com-
pare Maurer and Hauck [2007]) of the rock glacier front is missing. We interpret the tomogram (a) in Section 1 
as ice-free within the first 20 m depth. Therefore, main parts of the rock glacier front (Section 1) are inactive due 
to the lack of subsurface ice (Figure 6a) and the resulting missing active layer (Figure 7, TIR 02 + 03). However, 
the high number of seismic events at the most eastern part of the rock-glacier front indicate an activity of an 
unknown source. Data from ERT (no measurements in this area) and InSAR (low sensitivity in this area) are not 
available or not reliable. Therefore, the aggregation of seismic events suggests here brittle deformation and the 
corresponding existence of subsurface ice in this area (Figure 9d).

Low resistivity values occur in all other tomograms of Section 2 and 3, but mostly in a first shallow layer. We 
interpret this first shallow layer with a thickness between 2 and 8 m as the active layer, which thaws in the sum-
mer month due to raising temperatures and refreezes during the winter month (Barsch, 1996). Since the data was 
acquired at the end of the summer months, the first layer was typically unfrozen. This hypothesis is consistent 
with the continuous layer of less intense reflections in the radargram (Figure 6di). The unfrozen substrate of the 
active layer consists of clasts and air, both characterized by low permittivity. This mixture causes fewer reflec-
tions due to missing permittivity contrasts (Berthling & Melvold, 2008). Additionally, the seismic depth analysis 
based on HVSR data corresponds well with the depth of the active layer determined by the ERT-/GPR-data. At 
four locations the depth of the resonance layer is between almost 2 m and about 8 m (Figure 7c), consistent with 
the transition from low resistivity values (<50 kΩm) to ice-containing high resistivity values (Figures 6b–6e).

The second layer of tomograms (b–e) (Figure 6) shows generally higher resistivity values. We interpret the values 
between 50 kΩm and 4 MΩm, which are typical for rock glaciers, as an ice-containing permafrost body (Dusik 
et al., 2015; Ikeda, 2006). We classify the resistivity values between 50 kΩm and 150 kΩm as ice-poor permafrost 
and the range between 150 kΩm and 2 MΩm as ice-rich permafrost. These two material types cause a similar pat-
tern in the GPR data, characterized by strong reflections due to a significant amount of ice-interspersed coarser 
clasts (Figure 6dii).

The zone with especially high resistivity values (>2 MΩm) in tomogram D occurring under a ridge indicates a 
massive ice lens. In the GPR-data, the ice lens is characterized by weaker reflections (Figure 6diii), due to smaller 
permittivity contrasts in the homogeneous medium, as reported by Degenhardt (2009) and Farbrot et al. (2005). 
Additionally, most seismic events and fastest average displacement rates were recorded in the same zone of high-
est resistivity values, which suggests the highest subsurface deformation by substrate-poor ice.
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Subdivisions into ice-poor and ice-rich permafrost to characterize ice content have been reported in earlier stud-
ies (Hauck & Kneisel, 2008; Kenner et al., 2019; Mewes et al., 2017). The exceedingly high resistivity values 
(>2 MΩm) observed here have been interpreted as “temperate glacier ice” (106−108 Ωm) by Hauck and Knei-
sel  (2008) or “ground with massive sedimentary ice” (150 kΩm–12 MΩm) by Kellerer-Pirklbauer and Kauf-
mann (2018). We suggest to use a non-genetic term (substrate-poor-ice), which is based on the typical substrate 
components (rock, water, air, and ice) of a rock glacier (compare Hauck et al. [2008]).The classification allows 
an interpretation as glacial ice remnants with a recent periglacial characteristic like a typical active layer with a 
homogeneous thickness. Glacial ice remnants require a superficial, thermal insulation layer based on debris type. 
The material for the layer could be provided by the coverage of a former debris covered glacier, by remnants of 
a lateral moraine or by increased paraglacial slope and rockfall activity after glacier retreat (Bolch & Gorbu-
nov, 2014; Dusik et al., 2015; Kellerer-Pirklbauer & Kaufmann, 2018).

To evaluate the volumetric ice content of the rock glacier, a complete delineation of ice-containing permafrost 
body is required (Halla et al., 2021; Kellerer-Pirklbauer et al., 2017). The lower boundary of the ice-containing 
permafrost body was not detected by the used methods due to a lack of penetration depth. The increased spacing 
of the ERT electrodes by 4 m in the second field season did not sufficiently increase the depth of investigation—
most probably due to a lack of current strength. The GPR-equipment used a frequency of 100 MHz, which turned 
out to be too high to achieve larger penetration depths, probably due to scattering caused by large boulders. The 
fact that no basement was detected means that it must be deeper than the actual depths of investigation. Some 
internal structures are characterized by very high resistivity values, which additionally prevent deeper penetration 
of current flow. However, the used methods could identify the ice content and spatial distribution, which provides 
ground truthing for the remote observations and interpretation of the rock glaciers kinematics.

5.3. Rock Glacier Kinematics

In the InSAR displacements we can detect heterogeneous kinematics which suggest different clusters of creeping 
directions and activity (Figures 9c and 9d). These clusters match the three sections made, based on the morpho-
structure and on the internal ice content distribution of the rock glacier. We use the sectioning to distinguish 
between different activity patterns (Delaloye et al., 2013; Ulrich et al., 2021).

We assume that regions of higher crack activity are indicative of regions with enhanced internal deformation of 
the rock glacier. If all cracks were just caused by thermal stress (e.g., Polvi et al., 2020; Weber et al., 2018) the 
distribution of their signals in space would need to be much more homogeneous than visible in our clustered re-
sults (Figure 9). The link between crack activity of seismic events and brittle deformation has been demonstrated 
and justified by physical considerations before (Dietze et al., 2020; Guillemot et al., 2020; Zeckra et al., 2015).

The advantage of InSAR-data is the possibility to identify multiannual surface displacements over a large spatial 
scale. However, a drawback emerges from the poor InSAR sensitivity in North-South flight directions of the sat-
ellite (Reinosch et al., 2020), which unfortunately is the orientation of our catchment. With the seismic network 
on the rock glacier we could also detect further spatial activity clusters, which can be linked to areas of higher 
ice content and InSAR.

We find these activity clusters in Section 2 on the longest ridge and more frequent in Section 3 (Figure 9d), which 
are characterized by substrate-poor ice combined with fastest creeping rates by InSAR-data. Overall, the long- 
and short-term surface displacement follows the steepest slope toward the central depression.

Additionally, the monitoring of seismic events provides insight into the temporal, diurnal activity patterns. Our 
data suggests that most seismic events occur at night until early morning (Figure 9b) in the studied late sum-
mer period. Seismic crack signals emerge upon brittle deformation and, hence, a net displacement of mass. 
Ikeda et al. (2008) show that seasonal variations of rock glacier deformation are triggered by numerous temper-
ature changes around the freezing point in combination with water availability. These authors also found that 
a low winter temperature results in a reduced deformation due to refreezing of pore water. Similarly, Cicoira 
et al. (2019) concluded that water and external temperature variations control rock glacier dynamics on a seasonal 
and inter-annual time scale. The present rock glacier lacks a seasonal and perennial kinematical pattern (Buckel 
et al., 2021). Therefore, if water plays a role for its dynamics, for example, by refreezing, this happens most likely 
at a diurnal scale.
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5.4. Implications for the Rock Glacier Identification, Development, and Exposition Under the Special 
Climate Setting

Glacially and geologic conditioned, the recent landform still shows typical features of a rock glacier. The su-
perficial features (furrows and ridges, Figure 4), the relatively constant active layer thickness (Figures 6 and 7), 
the heterogeneous creeping behavior caused by different ice content (Figure 8) and the typical steep front let us 
classify the recent landform as a debris rock glacier according to Barsch (1996). Ice cliffs and ponds which are 
typical for debris covered glaciers are absent (compare Sakai et al. [2000]). However, the subsurface ice content 
of substrate-poor ice could originate from a former glacier, which covers the catchment during the last glacial 
maximum (J. Yao et al., 2021). Based on its particular characteristics we categorize the studied rock glacier as a 
transitional landscape feature in a landscape continuum according to Giardino and Vitek (1988). In the nature of 
a continuum clear borders in a landform development are difficult to identify. The mentioned continuum is also 
described by Knight et al. (2019) as “glacier to rock glacier transition” or by Anderson et al. (2018) as “glacier—
debris covered glacier—rock glacier continuum.” The latter authors pointed out that this continuum ends with 
an endmember “rock glacier” if the ELA exceeds the headwalls. The ELA for the Qugaqie catchment is given 
by Bolch et al. (2010) at an elevation around 5,820 m a.s.l. in the year 2009. Ren et al. (2020) calculated an ELA 
around 6,050 m a.s.l. in 2013–2017 for the entire western Nyainqêntanglha range. The headwall of the studied 
rock glacier reaches a maximum of nearly 5,800 m a.s.l. (Figure 10a) and therefore lies below the ELA given 
by Bolch et al. (2010) and Ren et al. (2020). Consequently, we suggest that the studied rock glacier is a typical 
endmember in the glacier—debris-covered glacier—rock glacier continuum according to Anderson et al. (2018). 
A small cirque glacier, small avalanche accumulation observed during fieldwork as well as the ice-free rock faces 
characterizes the north-orientated headwall above the studied rock glacier (compare Figure 5a). This situation is 
comparable to Anderson et al. (2018, Figure 10): An erosional headwall retreat is observed toward the moisture 
bringing wind direction (compare the Indian Summer Monsoon in Figure 1a). To extrapolate the concept of An-
derson et al. (2018) leads us to the identification of a landscape feature toposequence which is recurrent in the 
northern part of the western Nyainqêntanglha range.

The studied debris rock glacier may be structured by the toposequence along the profile indicated by the yellow 
line in Figure 1c. The toposequence along this line, illustrated in Figure 10, a consists of (A) debris mantled 
slopes, (B) cirque glacier, (C) depression, (D) push moraine, and (E) rock glacier front described from south to 
north. The overall location of debris rock glaciers suggests a systematical occurrence in the northern part western 
Nyainqêntanglha range (Figure 10). Based on the rock glacier inventory (Buckel & Reinosch, 2021) 48 debris 
rock glaciers (according to Barsch  [1996]) were identified in neighboring valleys. Five exemplary sequences 
(Figure 10b) are chosen to show debris-rock glaciers as the endmembers according to Anderson et al. (2018). In 
these cases, a consistent aspect-orientation of the sequence is observed at different locations in the northern part 
of the western Nyainqêntanglha range (Figure 10b), which is based on the main monsoonal wind-direction from 
the South (Figure 10c). The topographic barrier divides the mountain range into a southern part and a northern 
part regarding moisture distribution. The southern part is luvward-facing and oriented toward the moisture bring-
ing ISM. The semiarid northern part is on the leeward-facing side of the monsoon and receives less moisture. 
This climatic feature is reflected today in a larger glacier area (Figure 1 and Bolch et al., 2010) as well in a greater 
number and faster kinematics of rock glaciers (Reinosch et al., 2021) on the southern part. The northern part re-
ceives less moisture expressed by poorer glaciation and limited sediment supply through weathering and erosion 
inhibiting a more pronounced rock glacier development. Therefore, the special semiarid climate conditions at 
the northern part reduce the number and development of rock glaciers. Nevertheless, substantial ice content is 
available to consider these glacially preconditioned rock glaciers as water resources in the semiarid northern part 
of the western Nyainqêntanglha range.

6. Conclusions
A highly elevated rock glacier at the Tibetan Plateau was analyzed by a complementary, in situ multi-method 
approach that provides the characteristics (morphostructure, ice content, and kinematics) from diurnal to multian-
nual resolution. The heterogeneous kinematics, as well as sediment and ice composition suggest a sectioning into 
the rock glacier into three zones including a rather inactive frontal rock glacier lobe. The zones of high ice content 
correspond to a greater ridge and furrow occurrence which indicates high kinematics compared to other parts of 
the rock glacier. Ice content varies spatially between ice-poor permafrost to substrate-poor ice except in the main 
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Figure 10. (a) Schematic view of the cross section through the studied rock glacier, representing a conceptual toposequence of landscape features based on Profile A 
(Figure 1c). The end-member is the studied debris-rock glacier. (b) Different rock glaciers from the inventory, which are consistent with the typical climate dependent 
toposequence, shown by (a). The maps locate the topographic profiles of four exemplary toposequences, which have a similar course. (c) Influence of the regional 
climate setting on glacier and debris rock glacier distribution over the Nyainqêntanglha Range.
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frontal part. A spatially heterogeneous long-termed creeping pattern interpreted from InSAR-data is supported 
by short-term diurnal and internal seismic event tracking. The locations of highest superficial displacement rates 
correspond to locations with frequent seismic events. The rock glacier debris consists of two lithological units, 
mainly granodiorite and mylonite. A debris sorting identified from clast analysis is driven by the preconditioned 
lithology and maintained during former glaciation.

These characteristics identify the recent landform as a debris rock glacier according to Barsch (1996). The recent 
debris rock glacier acts as an endmember in a glacier—debris-covered glacier—rock glacier continuum. Typical 
for these endmembers is the semiarid location behind a topographic barrier (Anderson et al., 2018) like the west-
ern Nyainqêntanglha range. Limited availability of moisture and sediment precludes a rock glacier development 
with huge extents and high ice-content without a glacial imprint like in humid mountain ranges.

This study highlights how regional conditions of geology, topography, and climate influences rock glacier char-
acteristics and development. In large-scaled rock glacier studies that rely on remote sensing methods, the effect 
of these controls should be considered by measuring data providing ground truth. This becomes especially impor-
tant when rock glaciers are used as indicators for climate warming or as potential water reservoirs.

Data Availability Statement
The data obtained by the different methods is available at https://doi.org/10.5281/zenodo.4751219.
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