
1 

 

Multi-decadal evolution of ice-debris complexes at Muztagh Ata 

(Eastern Pamir) derived from Corona KH-4A and Pléiades stereo 

images 

Zhangyu Sun1,2,3, Tobias Bolch3*, Daniel Falaschi4, Atanu Bhattacharya5,6, Lin Liu2,7 

1 State Key Laboratory of Water Disaster Prevention, Hohai University, Nanjing, China 5 
2 Department of Earth and Environmental Sciences, Faculty of Science, The Chinese University of Hong Kong, Hong Kong, 

China 
3 Institute of Geodesy, Graz University of Technology, Graz, Austria 
4 Instituto Argentino de Nivología, Glaciología y Ciencias Ambientales (IANIGLA), CCT Mendoza-CONICET, Argentina 
5 Department of Earth Sciences & Remote Sensing, JIS University, Kolkata, India 10 
6 Centre for Data Science, JIS Institute of Advanced Studies & Research, Kolkata, India 
7 Institute of Environment, Energy and Sustainability, The Chinese University of Hong Kong, Hong Kong, China 

 

Correspondence to: Tobias Bolch (tobias.bolch@tugraz.at) 

Abstract. Ice-debris complexes are glacial-periglacial transitional landforms including rock glaciers that provide important 15 

insights into geomorphological evolution and represent substantial yet overlooked water reservoirs. However, their 

formation and evolution remain poorly constrained. Here, we investigate ice-debris complexes at Muztagh Ata, Eastern 

Pamir, using historical Corona KH-4A stereo images acquired in 1967 and very-high-resolution Pléiades tri-stereo data 

acquired in 2013 and 2019 to reconstruct elevation changes over five decades and derive surface velocities for the recent 

period. Our results reveal a three-zone geomorphological organization comprising a glacier, a glacier-affected, and a 20 

periglacial zone. The glacier-affected zone exhibits extensive thermokarst features and substantial surface lowering, locally 

exceeding 100 m between 1967 and 2019, whereas the periglacial zone is dominated by rock glaciers with maximum surface 

velocities of up to 6 m/yr. These zones occupy approximately 39.4 km², 6.5 km², and 9.4 km², respectively. Despite their 

considerably smaller area, the glacier-affected and periglacial zones experienced ice volume losses comparable to those of 

the glacier zone during 1967–2019. Our observations suggest that multiple evolutionary pathways can operate 25 

simultaneously within a single ice-debris complex. Glacier-affected landforms may progressively evolve into rock glaciers, 

whereas debris-covered glaciers may advance onto or become embedded within pre-existing rock glaciers. This study 

provides new insights into the evolution of ice-debris complexes and highlights the need to incorporate these landforms into 

glacier inventories and hydrological models for water resource assessments in High Mountain Asia and other mountainous 

regions on Earth. 30 
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1 Introduction 

Mountain regions host a wide variety of landforms composed of mixtures of ice and debris including debris-covered glaciers, 

ice-cored moraines, and rock glaciers, which reflect the combined influence of glacial and periglacial processes (Monnier 

and Kinnard, 2017; Jones et al., 2019a; Herreid and Pellicciotti, 2020; Zalazar et al., 2020). These landforms are often 

geomorphologically complex because their formation and evolution are governed by interactions between long-term ice 35 

deformation, sediment supply, permafrost and climatic forcing (Haeberli et al., 2006; Gärtner-Roer et al., 2022; Knight and 

Harrison, 2014). To describe this complexity, Bolch et al. (2019) introduced the term ice-debris complex, referring to 

“complex debris landforms that are close to glaciers and composed of several elements such as rock glaciers in various 

stages of activity, ice-cored moraines, and debris-covered dead-ice bodies that show no signs of movement.” This term was 

used by several studies since then to describe similar complex landforms elsewhere (e.g. Zhou et al., 2022; Blöthe et al., 40 

2021). Ice-debris complexes usually exhibit a spatial transition from debris-covered ice, commonly bearing thermokarst 

depressions and meltwater ponds, to a rock glacier-like landform with ridge-and-furrow topography and steep frontal slopes 

(Bolch et al., 2019). 

Understanding ice-debris complexes is important for several reasons. First, these landforms occupy key transitional zones 

between glacial and periglacial environments and therefore provide insights into the geomorphological evolution of high 45 

mountain terrain (Bolch et al., 2019; Haeberli et al., 2024; Wee et al., 2024). Second, they play a significant role in sediment 

transport, debris storage and release, linking sediment cascades from glaciers to downstream geomorphic systems such as 

alluvial fans, outwash plains, and valley floors and can be a source of hazardous debris flows (Lugon and Stoffel, 2010; 

Cusicanqui et al., 2021; Munroe et al., 2024). Third, the partial or complete preservation of buried ice has important 

hydrological implications, especially for regions where meltwater from debris-mantled ice bodies contributes to local water 50 

resources (Janke et al., 2017; Bolch et al., 2019; Jones et al., 2019b; Harrison et al., 2021, 2024; Villarroel et al., 2022).  

Earlier studies in the European Alps suggested that the occurrence of ice-debris complexes is driven by Holocene glacier 

oscillations and debris supply from surrounding rockwalls (Haeberli, 2005). Long-term monitoring at Gruben and Ritord 

sites in the Swiss Alps has elucidated how creeping permafrost, buried glacier ice, debris-covered glaciers, and former 

glacier margins interact physically over decades (Kääb et al., 1997; Gärtner-Roer et al., 2022; Wee et al., 2024, 2026). Other 55 

studies in the dry Andes of Argentina and Chile also identified complex transition zones where glacier forefields frequently 

host composite landforms characterized by multi-phase development (Monnier et al., 2014; Monnier and Kinnard, 2015, 

2017; Janke et al., 2017; Villarroel et al., 2022). Similarly, research in the Tien Shan revealed that ice-debris complexes 

consist of coexisting, spatially connected elements, including ice-cored moraines, dead-ice bodies, and active or relict rock 

glaciers (Bolch et al., 2019; Blöthe et al., 2021; Wood et al., 2026). Recent frameworks describe this evolution through 60 

paraglacial transition models, where landscape responses may modulate glacier sensitivity to climate change (Harrison et al., 

2025). However, despite the widespread presence of ice-debris complexes, most mountain ranges in High Mountain Asia, 
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including the Pamir, lack long-term records of elevation change and spatially resolved surface motion, limiting our 

understanding of their long-term evolution. 

In this study, we investigate ice-debris complexes in the Muztagh Ata massif, Eastern Pamir, using historical and 65 

contemporary satellite stereo images. By combining declassified Corona KH-4A stereo imagery acquired in 1967 with very-

high-resolution contemporary Pléiades tri-stereo imagery acquired in 2013 and 2019, we quantified long-term elevation 

changes and derived surface velocity fields. These datasets were further integrated with geomorphological observations to 

delineate distinct landform units within the ice-debris complexes and characterize their spatial organization. The objectives 

of this study are to (i) quantify the long-term elevation changes and recent surface velocities of ice-debris complexes, (ii) 70 

investigate their geomorphological characteristics and evolutionary pathways, and (iii) assess their potential hydrological 

significance as solid water reservoirs. By linking multi-decadal elevation changes, surface velocities, and geomorphological 

mapping, this study provides the first comprehensive assessment of ice-debris complexes in the Tibet–Pamir region and 

offers new insights into glacier–permafrost interactions in High Mountain Asia and beyond. 

2 Study area 75 

The Muztagh Ata massif (38.10–38.40° N, 75.00–75.35° E) is in the eastern Pamir Mountains, Xinjiang province, western 

China (Fig. 1a), at the north-western margin of the Tibetan Plateau. Mount Muztagh Ata rises to a maximum elevation of 

7,546 m a.s.l. and with surrounding terrain extending from approximately 3,500–4,000 m a.s.l. up to the peak (Falaschi et al., 

2023). The climate is cold and semi-arid, dominated by mid-latitude westerlies rather than the Indian monsoon, making the 

region among the driest and coldest zones at mid-latitudes (Zhou et al., 2014). Observational data (2009–2016) from a 80 

weather station at ~3,650 m a.s.l. recorded a mean annual and summer (June–August) air temperature of ~0.34 °C and 

~10.06 °C respectively and mean annual precipitation of ~154 mm (Yang et al., 2024). No direct ground surface temperature 

measurements exist, but modelling results show that permafrost is likely even in the lower parts of the glaciers and the ice-

debris complexes (Fig. 1a) 

Muztagh Ata massif has a substantial glacierized area with 128 glaciers covering ~377 km2 (RGI 7.0 Consortium, 2023) and 85 

is included in the wider area of Karakoram Anomaly, a phenomenon where glaciers in this region remained stable or even 

gained mass despite global warming trends (Holzer et al., 2015; Kääb et al., 2015; Lv et al., 2020). Previous glacier-focused 

studies show that the glacier area change in the massif was minimal (–3.84±0.8 km2 over 1967–2019), with mass balance 

changes near zero or slightly negative (–0.06±0.07 m w.e.a⁻¹ over 1967–2019), indicating a nearly balanced glacier system 

over five decades (Bhattacharya et al., 2021). However, the most recent data showed that glaciers in this region including 90 

Eastern Pamir have shifted toward accelerated mass loss, suggesting the possible finalization of the anomaly (Berthier and 

Brun, 2019; Hugonnet et al., 2021; Falaschi et al., 2023). Given the high relief, cold climate, and abundant presence of valley 

glaciers, debris-covered tongues, and ice-debris complexes, Muztagh Ata represents an ideal study area for glacier–

periglacial interactions in the transition zone between the Pamir and the Tibetan Plateau.  
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Here, we focus on four ice-debris complexes located in the southern part of Muztagh Ata (Fig. 1b, Table S1), which extend 95 

further downvalley from the extent included in the RGI v7.0 or GAMDAM glacier inventory (RGI 7.0 Consortium, 2023). 

These complexes exhibit a wide range of geomorphological features, including surging-affected glacier tongues and various 

activity stages of rock glaciers, making them highly representative of the glacier–periglacial transitional landforms in Eastern 

Pamir. Moreover, these complexes are fully covered by both available historical Corona and contemporary Pléiades images, 

allowing for multi-decadal analysis. 100 

 
Figure 1: (a) Coverage by glaciers and ice-debris complexes in the Muztagh Ata. The glacier outlines are from the Randolph 

Glacier Inventory (RGI v7.0, RGI 7.0 Consortium, 2023). Permafrost zonation index map is from Gruber (2012). The background 

is the Copernicus Digital Elevation Model (European Space Agency, 2024). (b) The investigated four ice-debris complexes in the 

southern Muztagh Ata and the upslope connected glaciers in the corresponding valleys. The background is a pansharpened true 105 
color composite of Pléiades satellite imagery (5 Sep 2019, 11 Sep 2019 © CNES and Airbus DS (2019), all rights reserved). 
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3 Data and Methods 

To study the elevation changes and surface velocities of the ice-debris complexes, we processed declassified Corona KH-4A 

and Pléiades images to generate historical and contemporary Digital Elevation Models (DEMs) and orthoimages (Sects. 3.1 

and 3.2), which were used to generate elevation changes (Sect. 3.3) and surface velocity fields (Sect. 3.4). Based on the 110 

generated dataset, we delineated boundaries to differentiate units and performed geomorphological characterization (Sect. 

3.5). 

3.1 Processing of declassified Corona images 

Two stereo pairs of Corona KH-4A images acquired on 10 August 1967 (Table 1) were used to generate historical DEMs 

using the Remote Sensing Software Graz (RSG) v.24.0.0 (cf. Goerlich et al., 2017; Bhattacharya et al., 2021). The subset 115 

images downloaded from USGS archive were first stitched to form complete strips. To improve DEM generation, image 

contrast was enhanced in ERDAS IMAGINE using a 3×3 local adaptive filter and histogram equalization of both forward 

and backward strips. While the adaptive filter enhances local spatial contrast, histogram equalization improves global 

radiometric contrast, facilitating more robust stereo correlation. Landsat panchromatic images (spatial resolution 15 m) and 

Copernicus DEM (European Space Agency, 2024) were used to collect 30–50 ground control points using the integrated 120 

point measurement tools of RSG. These points were used to calibrate a Corona-tailored image distortion model based on a 

modified collinearity equation (Sohn et al., 2004). Then, tie points were generated using a matching-based automated 

method to co-register the stereo pairs, followed by polynomial rectification and epipolar registrations. Image matching was 

performed in five pyramid-based levels to predict disparity maps (Goerlich et al., 2017). Quality and back-matching 

threshold filters of 0.6 and 0.9 pixels, respectively, were used to identify and remove mismatch pixels. Finally, the filtered 125 

disparity maps were converted to height maps, which were used to generate 5 m spatial resolution DEM in the WGS84 

ellipsoidal coordinate system. 

Table 1: Details about the remotely sensed data used in this study. 

Sensors Scenes/Product ID Date 

Spatial 

resolution 

(m) 

Corona KH-4A 

DS1043-1039DF072 

DS1043-1039DA072 

DS1043-1039DA073 

10-08-1967 4 

Pléiades 

DS_PHR1B_201306190558223_FR1_PX_E075N38_0106_02977 

DS_PHR1A_201306200550211_FR1_PX_E075N38_0306_03390 

19-06-2013 

20-06-2013 
0.5 

DS_PHR1B_201909050554111_FR1_PX_E075N38_0306_03316 

DS_PHR1A_201909110558233_FR1_PX_E075N38_0106_02862 

05-09-2019 

11-09-2019 
0.5 
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3.2 Processing of Pléiades images 

We generated DEMs from Pléiades tri-stereo panchromatic imagery acquired on 19 June 2013, 20 June 2013, 5 September 130 

2019, and 11 September 2019 (Table 1) using the Ames Stereo Pipeline (ASP v3.1.0), a NASA-developed software suite 

later refined by Shean et al. (2016). Initial orthorectification of the stereo images at 0.5 m resolution was performed using the 

Copernicus DEM (European Space Agency, 2024). Stereo matching employed the Semi-Global Matching (SGM) algorithm 

(Hirschmüller, 2008) with a 7×7-pixel correlation window (Shean et al., 2020). To reduce artifacts in the disparity maps, 

SGM-based disparity filters (Shean et al., 2016) were applied, followed by refinement of valid disparity pixels using a 135 

Bayesian Expectation-Maximization weighted affine adaptive window correlator (Nefian et al., 2009). Stereo triangulation 

was performed using the rational polynomial coefficient (RPC) sensor model (Grodecki and Dial, 2003). The final DEMs 

were sampled at 2 m spatial resolution in the WGS84 ellipsoidal coordinate system. No ground control points were used 

during DEM extraction. To reduce potential systematic offsets, all DEMs were subsequently co-registered before elevation 

change analysis (Berthier et al., 2024; Falaschi et al., 2023). 140 

3.3 Calculation of elevation changes 

We used the xDEM package to co-register multi-temporal DEMs and calculate Differences of DEMs (DoDs). xDEM is a 

Python library designed for quantitative analysing DEMs, providing an intuitive object-based Application Programming 

Interface that facilitates user-friendly elevation data analysis (Hugonnet et al., 2024). A 200 m buffer was generated around 

each ice-debris complex to approximate surrounding stable terrain. Instead of processing the full DEMs, we restricted the 145 

analysis to each ice-debris complex and the terrain within its 200 m buffer. We acknowledge that the buffered area may 

locally include terrain that is not strictly stable, such as steep slopes, or areas covered by loose debris. However, the buffer 

was chosen to balance proximity to the ice-debris complex with sufficient spatial coverage, under the assumption that most 

areas within this distance represent relatively stable ground compared to the actively deforming ice-debris complex. 

The 2013 Pléiades DEM was used as the reference DEM for co-registration of all other DEMs. Co-registration was carried 150 

out following Nuth and Kääb (2011) to correct horizontal and vertical shifts. After applying the Nuth and Kääb method, 

deramping was performed using a two-dimensional polynomial fitting approach to remove residual large-scale trends. 

Additionally, block co-registration was applied to reduce remaining non-linear artefacts. For Corona KH-4A co-registration, 

both DEMs were resampled to a common spatial resolution of 5 m, whereas Pléiades DEMs were co-registered at a spatial 

resolution of 2 m. 155 

The buffer areas of stable terrain used for co-registration contain steep slopes where DEMs are prone to errors, which can 

degrade the accuracy of DEM differencing. To improve the DoD quality, we removed pixels within the buffer areas whose 

absolute elevation differences exceeded 20 m for the 2013 Pléiades–1967 Corona KH-4A pair and 2 m for the 2019–2013 

Pléiades pair. 
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Analysis of DoD within the buffer areas surrounding the ice-debris complexes revealed Normalized Median Absolute 160 

Deviations (NMAD) of 4–6 m for 1967–2013 and 0.7–0.9 m for 2013–2019 (Table S2). NMAD can serve as a measure of 

the uncertainty in elevation change (Höhle and Höhle, 2009; Dehecq et al., 2016; Bolch et al., 2019), and the observed 

values are in line with other studies using similar input DEM data (e.g., Belart et al., 2017; Falaschi et al., 2023). 

3.4 Generation of surface velocity fields 

We used the vmap package to derive surface velocity fields for the ice-debris complexes from the orthorectified Pléiades 165 

image pair acquired in 2013 and 2019. This package utilizes the ASP image correlator to efficiently perform feature tracking 

between two time-separated scenes (Shean et al., 2020). Prior to feature tracking, the input images were co-registered using 

AROSICS, which is an automated and robust open-source tool for multi-sensor satellite image co-registration (Scheffler et 

al., 2017). Feature tracking was then conducted using vmap with a kernel size of 51 pixels. While a smaller kernel is more 

sensitive to fine-scale displacements, it may fail to capture high-velocity regions. Conversely, a larger kernel can better 170 

capture fast movements but results in a less detailed velocity field. After testing various kernel sizes, we determined that a 

51-pixel kernel provided the optimal balance.  

The NMAD of stable terrain within buffer areas can serve as a measure of surface velocity uncertainty (Table S3). The 

median plus three times of NMAD was used as a threshold to distinguish clearly from non-clearly detectable movement: 

rock glaciers with median velocities exceeding this threshold were classified as “rock glacier with clearly detectable 175 

velocities”, whereas those below the threshold were categorized as “rock glacier without clearly detectable velocities”. 

3.5 Geomorphological mapping 

We produced geomorphological maps through an integrated analysis of orthorectified Pléiades images, surface elevation 

change maps, and surface velocity fields. Based on these datasets, we differentiated various units within the ice-debris 

complexes, including debris-free and debris-covered glaciers, ice-cored moraines, debris-covered dead ice bodies, and rock 180 

glaciers. The separation of these units was guided by a combination of geomorphological, elevation change, and surface 

velocity criteria (Table 2). In addition, we mapped the landforms surrounding the ice-debris complexes, including adjacent 

talus, bedrock, and mountain ridges. We followed the geomorphological mapping legend developed by the University of 

Lausanne (Lambiel et al., 2013), which has been successfully applied in other high-mountain environments (Lambiel et al., 

2016) and for mapping ice-debris complexes (Bolch et al., 2019). 185 

Debris-covered glacier parts were included in the analysis. The upslope boundary of the analysis area was defined based on 

debris-free glacier extents derived from Sentinel-2 imagery (Paul et al., 2016; Fig. S1). However, the transition between 

debris-free and debris-covered glaciers is often ambiguous (Zalazar et al., 2020) (e.g., ice-debris complex II). For 

consistency and simplicity, a straight-line boundary was adopted to define the upslope limit of the analysis area as also 

suggested for glacier and rock glacier inventories with uncertain boundaries (RGI 7.0 Consortium, 2023; Brardinoni et al., 190 

2026). 
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Table 2: The geomorphological, elevation change, and surface velocity criteria to distinguish different ice-debris complex units. 

Zone Landform Geomorphological criteria Elevation change criteria 
Surface velocity 

criteria 

Glacier 

zone 

Debris-free 

glacier 

Exposed ice, supraglacial 

crevasses, lack of debris mantle 

Pronounced surface lowering, 

substantial gains in surging 

units 

Rapid flow in surging 

units 

Debris-

covered glacier 

Debris mantle, supraglacial 

ponds, thermokarst depressions, 

ice cliffs 

Pronounced surface lowering, 

localized gains during surging 

Rapid flow in surging 

units 

Glacier-

affected 

zone 

Ice-cored 

moraine 

Ridge-like morphology, chaotic 

surface texture, chaotic 

thermokarst features 

In most cases median surface 

lowering larger than NMAD 

over stable terrain 

Irregular deformation 

to stagnant 

Debris-

covered dead 

ice body 

Irregular topography, extensive 

thermokarst depressions and 

meltwater ponds 

Pronounced and widespread 

surface lowering, median 

surface lowering larger than 

NMAD over stable terrain 

Stagnant 

Periglacial 

zone 

Rock glacier 

with 

significant 

movement 

Coherent viscous flow patterns, 

well-developed ridge-and-furrow 

topography, steep frontal slopes 

and distinct lateral margins 

Characteristic elevation gains 

at the front indicating 

advance, median surface 

lowering smaller than NMAD 

over stable terrain 

Clearly detectable 

movement with 

median velocity 

above detection 

threshold 

Rock glacier 

without 

significant 

movement 

Similar morphology to active 

rock glaciers but often more 

subdued 

Negligible elevation change, 

median surface lowering 

smaller than NMAD over 

stable terrain 

No clearly detectable 

movement with 

median velocity 

below detection 

threshold 

4 Results 

This section first describes the geomorphological units along with their classifications (Sect. 4.1) and then presents elevation 

changes (Sect. 4.2) and surface velocities (Sect. 4.3). 195 

4.1 Geomorphological units 

The unit separations and classifications are presented first to serve as an organizational framework, although they were 

ultimately derived from the integrated analysis of surface geomorphology, elevation changes, and surface velocities. 

Complexes I–IV were subdivided into 12, 10, 12, and 10 geomorphological units, respectively. These units were delineated 
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to represent internally consistent geomorphological entities that share similar surface characteristics, elevation-change 200 

signatures, and velocity patterns according to the criteria summarized in Table 2. The units were grouped into three major 

zones: a glacier zone, a glacier-affected zone, and a periglacial zone (Fig. 2 and Table 3). The glacier (including debris-free 

glaciers), glacier-affected, and periglacial zones occupy approximately 39.4 km2, 6.5 km2, and 9.4 km2, respectively. 

Complexes I, II, and IV are dominated by periglacial rock-glacier units, whereas Complex III contains a larger proportion of 

glacier-affected units. For simplicity, units are referred to using a combined naming system, where I-2 denotes Unit 2 of 205 

Complex I and III-1 denotes Unit 1 of Complex III. Surge-type debris-free or debris-covered glaciers were identified in I-2, 

III-1, IV-1, and IV-2, while debris-covered dead ice bodies occur in I-4, III-2, and IV-3. Rock glaciers with clearly 

detectable velocities were identified in I-5, II-5, III-8, III-9, IV-6, and IV-7, whereas the remaining rock glacier units 

exhibited no clearly detectable movement during the observation period. 

Table 3: Geomorphological units and their classifications of different ice-debris complexes. 210 

Ice-debris complex ID I II III IV 

Glacier zone 
Debris-free glacier N/A N/A N/A 1 

Debris-covered glacier 1–3 1–4 1 2 

Glacier-affected zone 
Debris-covered dead ice body 4 N/A 2 3 

Ice-cored moraine N/A N/A 3–7 4, 5 

Periglacial zone 
Rock glacier with clearly detectable velocities 5 5 8, 9 6, 7 

Rock glacier without clearly detectable velocities 6–12 6–10 10–12 8–10 
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Figure 2: Geomorphological units of ice-debris complex (a–b) I, (c–d) II, (e–f) III, (g–h) IV. 
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4.2 Elevation changes 215 

The DEM differencing between 1967 and 2013 reveals pronounced surface lowering in the debris-covered dead ice body 

units (I-4, III-2, and IV-3) with median lowering ranges from 10 to 20 m, and the local maxima between 60 and 100 m (Figs. 

3a,e,g, S2a,c,d and Table S4). The largest surface lowering occurs in the upper-central sectors of these units. The debris-

covered glacier units of Complexes I and II (I-2 and II-1) also exhibit widespread surface lowering with a median lowering 

of ~10 m and local maxima between 40 and 50 m (Figs. 3a,c, S2a,b, and Table S4). Pronounced elevation gains are observed 220 

on the lower part of I-1 with the maximum gain of almost 60 m caused by glacier surging (Figs. 3a and S2a). Other units 

remain relatively stable without pronounced surface lowering or elevation gains (Fig. S2 and Table S4). Slight elevation 

gains at the fronts of some rock glacier units (e.g., I-5 and II-5) are observed (Figs. 3a,c, and S2a,b), with maximum gains 

between 30 and 40 m (Table S4). 

The high-resolution surface elevation changes derived from Pléiades 2013–2019 data reveal finer-scale spatial patterns. 225 

Pronounced surface lowering is also observed in the debris-covered dead ice body units of III-2 and IV-3, with maximum 

lowering between 40 and 50 m (Figs. 3f,h, S3c,d, and Table S4). Heterogeneous elevation changes are evident in the debris-

covered glacier units I-2 and II-1, with the maximum elevation losses of 30–60 m, and maximum elevation gains of 10–60 m 

(Figs. 3b,d, S3a,b, and Table S4). More regular and transverse bands of alternating elevation gains and lowering are 

observed on rock glacier units, such as I-5 and II-5 (Figs. 3b,d, and S3a,b). These two units show the maximum elevation 230 

changes of ±10 m (Table S4). Pronounced elevation gains are observed on the surge-type debris-free/covered glacier units (I-

1, III-1, IV-1, and IV-2) with maximum elevation gains between 25 and 70 m (Figs. 3b,f,h, S3a,c,d, and Table S4). 

The elevation change rates exhibited notable differences between the two observation periods (Figs. 3, 4, and Table S5). For 

example, II-1 exhibits more pronounced elevation change rates during 2013–2019 (Median = −0.34 m/yr) than during 1967–

2013 (Median = −0.20 m/yr) (Figs. 3c,d, and 4b). Median elevation change rates of I-4, III-2, and IV-3 were −0.19, −0.36, 235 

and −0.48 m/yr, respectively, during 1967–2013, compared to −0.08, −0.10, and −0.10 m/yr during 2013–2019 (Figs. 3a,b,e–

h and 4a,c,d). 
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Figure 3: Surface elevation change rates of ice-debris complexes I–IV for the periods of (first column) 1967–2013 and (second 

column) 2013–2019. 240 
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Figure 4: Distribution of elevation change rates for ice-debris complex (a) I, (b) II, (c) III, and (d) IV in the period of 1967–2013 

and 2013–2019. IQR: Interquartile Range. 

4.3 Surface velocities 

Feature tracking reveals clearly detectable surface velocities in some rock glacier units of the ice-debris complexes (Figs. 5, 245 

6, and Table S5). The fastest-moving rock glacier units are I-5 and II-5, which exhibit median velocities of ~2 m/yr and 

maximum velocities exceeding 6 m/yr (Figs. 5a,b and 6a,b). In contrast, the other rock glacier units with clearly detectable 

movement (III-8, III-9, IV-6, and IV-7) exhibit median velocities ranging from 0.8 to 1.5 m/yr (Figs. 5c,d and 6c,d). Other 

units that display geomorphological characteristics typical of rock glaciers remain relatively stable, with median velocities 

below the detection thresholds defined in Sect. 3.4 (e.g., I-6 to I-12; Figs. 5a, 6a, and Table S5). 250 
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Figure 5: Surface velocity fields during 2013–2019 of ice-debris complex (a) I, (b) II, (c) III, (d) IV. 

 
Figure 6: Distribution of horizontal velocities for ice-debris complex (a) I, (b) II, (c) III, and (d) IV in the period of 2013–2019. 255 
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5 Discussion 

5.1 Geomorphological interpretations 

The four investigated glacier-ice-debris complexes in southern Muztagh Ata can be distinguished into three distinct 

geomorphological domains: (1) a glacier zone, (2) a glacier-affected zone and (3) a periglacial zone (Fig. 7). 

The glacier zone consists of debris-free and debris-covered glaciers. The debris-free glaciers are characterized by clean ice 260 

with supraglacial crevasses, and the debris-covered glaciers are debris-mantled in their ablation zones with the presence of 

supraglacial ponds, thermokarst depressions, and ice cliffs (Fig. 2). In this zone, widespread surface lowering can occur on 

debris-covered glaciers (I-2 and II-1) (Figs. 3a–d). However, significant elevation gains are also observed on I-1, III-1, IV-1, 

and IV-2 (Figs. 3a, b, e–h), which are related to glacier surging, a phenomenon well-documented in the Muztagh Ata massif 

(Goerlich et al., 2020; Lv et al., 2019; Guillet et al., 2022). The velocity fields in this zone contain numerous data voids (Fig. 265 

5), likely because these glacier surfaces are either undergoing rapid melt-induced degradation or moving too rapidly for 

reliable feature tracking, resulting in insufficiently persistent surface features between image acquisitions. 

The glacier-affected zone of ice-debris complex typically consists of ice-cored moraines and debris-covered dead ice bodies. 

This zone is characterized by massive ice-related features, including extensive thermokarst depressions, meltwater ponds, 

and supraglacial channels (Fig. 2). DEM differencing reveals substantial surface lowering at the debris-covered dead ice 270 

body units (I-4, III-2, and IV-3). The lowering rates observed in Muztagh Ata are comparable to those recorded in the Tien 

Shan (Bolch et al., 2019), the Central Andes of Chile and Argentina (Monnier and Kinnard, 2017; Stammler et al., 2026), 

and the Gruben site in the Swiss Alps (Gärtner-Roer et al., 2022; Wee et al., 2024). We interpret that this substantial volume 

loss is likely due to the degradation of massive buried dead ice bodies. Other units in this zone also exhibit widespread 

surface lowering, which likely reflects progressive melting of the ice cores preserved within ice-cored moraines. 275 

The periglacial zone of ice-debris complexes is composed of rock glaciers showing coherent viscous flow patterns, ridge-

and-furrow topography, steep frontal slopes and lateral margins (Fig. 2). The surface velocities derived from Pléiades 

imagery show that I-5 and II-5 exhibit velocities exceeding 6 m/yr (Fig. 5). These velocity magnitudes are much higher than 

the typical rock glacier velocity ranges between centimeters and one meter per year (Hu et al., 2025; Sun et al., 2025) but are 

comparable to the fast-moving rock glaciers in the Andes (Blöthe et al., 2025; Robson et al., 2022; Stammler et al., 2026) 280 

and Tien Shan (Kääb et al., 2021; Wood et al., 2025). The frontal elevation gains observed in these units (Fig. 3) further 

support active downslope creep and advance. 

This geomorphological structure is in line with observations from other high-mountain regions. An upper glacier-affected 

zone and a lower periglacial part are also observed at Gruben and Ritord sites in the Swiss Alps (Gärtner-Roer et al., 2022; 

Wee et al., 2024, 2026) and the Chon-Saj and Geologov complexes in the Central Tien Shan (Bolch et al., 2019). This 285 

structure is also consistent with previously investigated landforms in the Andes, where the complexes are composed of upper 

debris-covered glaciers and lower rock glaciers (Monnier et al., 2014; Monnier and Kinnard, 2017; Stammler et al., 2026), 
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suggesting that the three-zone geomorphological organization identified at Muztagh Ata represents a characteristic 

evolutionary configuration of glacier–permafrost transitional systems. 

 290 

Figure 7: Geomorphological characterization of the glacier-ice-debris complexes in southern Muztagh Ata, Eastern Pamir. 

5.2 Evolution of ice-debris complexes 

The evolution of ice-debris complexes can generally be understood through three main processes: (i) the readvance and 

superimposition/embedding of debris-free/covered glaciers onto/into pre-existing rock glaciers (the "permafrost school" 

perspective) (Haeberli et al., 2006, 2024; Monnier et al., 2014); (ii) the continuous derivation of a rock glacier from a debris-295 

covered glacier through the preservation and creep of a massive ice core (the "continuum school" perspective) (Anderson et 

al., 2018; Jones et al., 2019a); and (iii) the transformation of a debris-covered glacier into a rock glacier via the 

fragmentation of the glacier ice and its mixing with periglacial ice and debris (Monnier and Kinnard, 2015, 2017). Our multi-

temporal remote-sensing analysis allowed us to reconstruct the long-term transitional trajectory of the ice-debris complexes 

in southern Muztagh Ata. According to our observations, we suggest these processes could co-exist within the same ice-300 

debris complex system, with different components recording different stages of glacier–permafrost interaction and evolution. 
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The pronounced surface lowering observed in the debris-covered dead ice body units (I-4, III-2, and IV-3; Fig. 3) provide 

evidence for the "transformation" or "continuum" processes (Types ii and iii). These areas are likely to represent former 

glacier tongues that, once decoupled from the main accumulation area and insulated by a thick debris mantle, entered a state 

of thermal disequilibrium and began a slow transition toward rock glaciers under permafrost conditions (Berthling, 2011). 305 

This process is also in line with observations in the Swiss Alps (Wee et al., 2026), Tien Shan (Bolch et al., 2019), and Andes 

(Monnier and Kinnard, 2015, 2017; Robson et al., 2022). However, some complexes contain glacier forefields between 

glaciers and rock glaciers (e.g., the Chon-Saj and Geologov complexes in Tien Shan (Bolch et al., 2019) and the Complexes 

III and IV in this study), while others feature a more direct transition between debris-covered glaciers and glaciers (e.g., the 

Presenteseracae (Monnier and Kinnard, 2015, 2017) and the Las Tetas (Robson et al., 2022) in the Andes). García et al. 310 

(2024) demonstrated that the debris-covered glaciers can serve as the foundation for the development of rock glacier-like 

viscous flow structures under permafrost conditions based on chronological evidence. 

Simultaneously, the fast-flowing rock glaciers suggest the superimposition/embedding of debris-covered glaciers onto/into 

rock glaciers. These debris-covered glaciers can rapidly transport massive amounts of ice and debris downslope, exerting 

substantial stress on downstream rock glaciers. The exceptionally high creep velocities (up to 6 m/yr) documented for I-5 315 

and II-5 may represent a dynamic legacy of such interactions, where advancing or surging glaciers overrode or embedded 

glacial ice into pre-existing rock glaciers, thereby increasing the plasticity and deformation rates of the hybrid system. The 

observations at Gruben site in the Swiss Alps (Kääb et al., 1997; Haeberli, 2005) support this process, where both permafrost 

and embedded surface ice were found in the complex contact zone (Gärtner-Roer et al., 2022; Wee et al., 2024). The 

observations in the Andes at Tapado (Monnier et al., 2014; Robson et al., 2022) and at Navarro and Las Tetas (Monnier and 320 

Kinnard, 2017) also support this process, suggesting that rock glaciers do not derive from the present debris-covered glaciers 

but exist prior to them. Recent regional-scale analyses further indicate that glacier-connected rock glaciers move on average 

faster than talus-connected rock glaciers, suggesting that glacier-derived ice may play an important role in enhancing rock 

glacier surface velocities (Sun et al., 2026). 

Taken together, our observations suggest that multiple evolutionary pathways can operate simultaneously within a single ice-325 

debris complex. Rather than representing a simple linear transition from glacier to rock glacier, these complexes may evolve 

through repeated episodes of glacier advance, debris accumulation, dead-ice preservation, and permafrost creep, resulting in 

the composite geomorphological assemblages observed today. 

We stress here that our findings are based on remote-sensing observations, whereas the processes responsible for debris 

supply, transport, and preservation remain insufficiently constrained. Fully resolving the evolutionary history will require 330 

targeted in-situ investigations, detailed geophysical surveys, and numerical modeling of debris deposition, ice melt, and 

coupled glacier–permafrost flow. Such work would be essential to investigate whether the present ice-debris complexes 

indeed represent relict debris-buried glacier remains or evolved from a more complex interplay of glacier fluctuations and 

permafrost creep. 

 335 
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5.3 Implications for hydrology 

The DEM differences indicate substantial long-term ice loss from the ice-debris complexes. The glacier-affected and 

periglacial zones of the four ice-debris complexes together lost approximately 0.10 km3 of ice during 1967–2019, including 

0.09 km3 from glacier-affected zones and 0.01 km3 from periglacial zones. For comparison, the glacier zone is estimated to 

have lost approximately 0.09 km³ of ice over the same period based on the glacier-wide volume-change estimates of 340 

Bhattacharya et al. (2021). Therefore, despite occupying a considerably smaller area than the glacier zone (15.9 km² versus 

39.4 km²), the glacier-affected and periglacial zones experienced a comparable amount of ice-volume loss. This result 

highlights the substantial ice storage preserved within ice-debris complexes and demonstrates that significant ice losses can 

occur beyond conventionally mapped glacier boundaries. Notably, the pronounced surface lowering in the glacier-affected 

zone observed in our study area results in this comparable ice volume loss, whereas in most other regions, the glacier zone is 345 

expected to dominate the total loss. 

Our observations support the arguments of Janke et al. (2017) and Bolch et al. (2019) that ice-debris complexes, and 

particularly glacier-affected zones, represent a significant yet frequently overlooked solid water reservoirs. The abundance of 

rock glaciers across the Tibetan Plateau highlights the widespread occurrence and potential hydrological significance of ice-

rich periglacial landforms in High Mountain Asia (Sun et al., 2024). Glacier-hydrological models (Duethmann et al., 2016; 350 

Rounce et al., 2023) generally focus on glaciers while neglecting meltwater contributions from glacier-affected and 

periglacial landforms. Consequently, runoff generation and long-term water availability may be underestimated in regions 

where ice-debris complexes are widespread. Our findings therefore emphasize the need to incorporate ice-debris complexes 

into glacier inventories, hydrological modelling frameworks, and regional water-resource assessments, particularly in High 

Mountain Asia where these landforms are abundant and may contain substantial volumes of buried ice. 355 

6 Conclusions 

This study provides the first comprehensive and long-term assessment of ice-debris complexes in the Muztagh Ata massif of 

the Eastern Pamir. By leveraging historical Corona KH-4A stereo imagery and contemporary Pléiades tri-stereo observations 

spanning from 1967 to 2019, we quantified their elevation changes, surface velocities, and geomorphological characteristics 

over more than five decades. Our analysis leads to the following conclusions: 360 

1. The glacial-periglacial landform systems exhibit a three-zone geomorphological organization: (1) a glacier zone with 

widespread surface lowering or significant elevation gains caused by surging; (2) a glacier-affected zone dominated by 

thermokarst depression, supraglacial ponds, and substantial surface subsidence with maximum local lowering of 60–

100 m since 1967; (3) a periglacial zone consisting of rock glaciers with peak velocities up to 6 m/yr. 

2. Multiple evolutionary processes, including the transformation of glacier-affected landforms into rock glaciers and the 365 

superimposition or embedding of debris-covered glaciers onto or into pre-existing rock glaciers, can co-exist within the 

same ice-debris complex system. Our observations suggest that ice-debris complexes do not evolve through a single 
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linear pathway but instead record different stages of glacier–permafrost interaction operating simultaneously within a 

composite landform assemblage. 

3. The glacier, glacier-affected, and periglacial zones occupy approximately 39.4 km2, 6.5 km2, and 9.4 km2, respectively. 370 

The glacier-affected and periglacial zones together lost approximately 0.10 km3 of ice during 1967–2019, an amount 

comparable to the estimated ice loss from the glacier zone despite their considerably smaller area. This finding 

highlights the substantial ice storage preserved within ice-debris complexes and underscores their importance as 

previously underappreciated solid water reservoirs. 

Our analysis provides new insights into the geomorphological characteristics, evolution, and hydrological significance of 375 

ice-debris complexes in High Mountain Asia. The results further demonstrate that substantial ice losses may occur beyond 

conventionally mapped glacier boundaries, emphasizing the need to incorporate ice-debris complexes into inventories, 

hydrological models, and regional water-resource assessments. Future research integrating geophysical surveys, subsurface 

characterization, and numerical modelling will be essential to fully resolve their internal structures, ice content, and 

evolutionary trajectories. 380 
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