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Abstract 

Climate warming is accelerating permafrost degradation in alpine regions, promoting the 

development of thaw-related slope deformation through active-layer thickening, ground-

ice thaw, and hydro-mechanical weakening. Permafrost degradation margins are partic-

ularly sensitive to climatic warming, where enhanced heat transfer and active-layer water 

migration can accelerate shallow slope instability; however, the underlying mechanisms 

require further investigation. This study investigates two representative freeze–thaw-re-

lated landslides in the western Qilian Mountains: an active-layer detachment developed 

in degraded discontinuous permafrost and a freeze–thaw-induced shallow creep land-

slide located near the lower limit of permafrost occurrence. UAV photogrammetry, elec-

trical resistivity tomography, and SBAS InSAR were integrated to characterize geo-

morphic features, internal frozen ground conditions, and deformation patterns. The ac-

tive-layer detachment shows strong subsurface heterogeneity, with residual high-resistiv-

ity frozen bodies separated by localized thawed zones. Its deformation is mainly concen-

trated in the upslope detachment zone and central depletion–transport zone, where 

meadow-mat cracking, turf stripping, and exposed mineral soil coincide with thawed cor-

ridors between discontinuous permafrost bodies. In contrast, the freeze–thaw-induced 

shallow creep landslide exhibits the largest deformation in the upper permafrost-margin 

sector, where weakly discontinuous permafrost persists, whereas deformation decreases 

downslope in the seasonally frozen ground sector. This study highlights the critical role 

of discontinuous permafrost, localized thawing, and active-layer water migration in pro-

moting shallow slope deformation and suggests that permafrost degradation margins 

may become increasingly susceptible to freeze–thaw-induced landslide activity under 

continued climate warming. 

Keywords: permafrost; active-layer detachment; freeze–thaw-induced shallow creep; 

electrical resistivity tomography; climate change 

 

1. Introduction 

Permafrost is extensively distributed across Arctic, alpine, and high-latitude regions, 

and constitutes a fundamental component of cold-region ecological, hydrological, and ge-

omorphological systems. As a thermally sensitive subsurface layer, permafrost exerts 

strong control on ground thermal regimes, surface–subsurface hydrological connectivity, 
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and slope stability in cold environments [1,2]. Over recent decades, widespread perma-

frost degradation, characterized by rising ground temperatures, active-layer thickening, 

and ground-ice thaw, has been documented across the Northern Hemisphere under a 

warming climate [3,4]. These changes are particularly pronounced on the Qinghai–Tibet 

Plateau (QTP), where warming rates exceed the global average [5]. As permafrost thermal 

stability declines, hillslope systems increasingly respond through thaw-related geo-

morphic processes, including retrogressive thaw slumps (RTSs), active-layer detachments 

(ALDs), thermokarst subsidence, and shallow freeze–thaw-induced landslides [6–8]. 

These processes provide key indicators of the coupled thermal, hydrological, and mechan-

ical response of mountain permafrost terrain to climate change [9–11]. 

Permafrost-related slope failures are commonly represented by RTSs and ALDs, 

which differ markedly in morphology, triggering conditions, and deformation style. RTSs 

typically develop in ice-rich permafrost terrain and are characterized by a steep headwall, 

progressive retrogression, exposure and thawing of ground ice, and downslope transport 

of thawed sediment [12,13]. Accelerated RTS activity has been reported in Arctic and QTP 

regions, where ground-ice thaw, surface thermal disturbance, and increasing liquid-water 

input can intensify headwall retreat and sediment evacuation [14,15]. In contrast, ALDs 

are shallow translational failures involving detachment of the active layer along or near 

the active-layer–permafrost interface. Their initiation is commonly associated with active-

layer deepening, elevated pore-water pressure above the permafrost table, and thaw-in-

duced reduction in soil shear strength [16,17]. ALDs can rapidly alter slope morphology 

and sediment transport processes while simultaneously disturbing vegetation and or-

ganic layers, thereby enhancing thermal degradation of underlying permafrost [9]. 

However, the bulk of existing studies have focused on typical RTSs and ALDs within 

continuous permafrost environments, whereas relatively limited attention has been paid 

to freeze–thaw-induced landslides occurring near the permafrost margin. In alpine dis-

continuous permafrost regions, progressive permafrost degradation commonly leads to 

complex subsurface conditions characterized by alternating vestigial frozen bodies and 

localized taliks. Such degradation not only modifies subsurface thermal and hydrological 

regimes but also alters groundwater pathways, pore-water pressure distribution, and the 

mechanical properties of shallow soils [18]. Previous studies have suggested that perma-

frost margins are particularly sensitive to climatic and surface disturbances because of 

their relatively low thermal stability, making them hotspots for freeze–thaw-related de-

formation and slope instability [2,19]. In these environments, in addition to typical RTSs 

and ALDs, shallow freeze–thaw-induced creep landslides controlled by seasonal freeze–

thaw cycles, hydro-mechanical weakening, and residual permafrost may also develop. 

Nevertheless, their subsurface structures and governing deformation mechanisms remain 

poorly understood.  

Recent advances in remote sensing and geophysical techniques have provided new 

opportunities for investigating freeze–thaw-related landslides. Electrical resistivity to-

mography (ERT) has been widely deployed for permafrost investigations because of its 

sensitivity to temperature, ice content, liquid-water content, pore-water conductivity, and 

sediment texture [20,21]. Frozen ground generally exhibits higher resistivity than thawed 

or water-rich materials, making ERT useful for identifying active-layer thickness, residual 

permafrost bodies, thawed zones, and water-rich layers [22,23]. InSAR, by contrast, pro-

vides spatially continuous measurements of surface displacement and has been applied 

to active-layer freeze–thaw dynamics, thaw subsidence, and slow-moving permafrost-re-

lated landslides [24–26]. Integrating ERT and InSAR is therefore particularly suitable for 

permafrost-margin landslides: ERT constrains the internal hydrothermal structure, 

whereas InSAR identifies the spatial distribution and magnitude of surface deformation. 
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Their combined use allows deformation-prone zones to be interpreted in relation to resid-

ual permafrost, localized thawing, and shallow hydrological weakening. 

The Qilian Mountains, located on the northeastern margin of the QTP, represent a 

typical alpine permafrost region highly sensitive to climate change. In recent decades, el-

evated air temperatures, active-layer deepening, and widespread permafrost degradation 

have contributed to intensified freeze–thaw-related geomorphic activity in this region 

[11,19]. Previous studies have mainly focused on the spatial distribution of RTSs and ther-

mokarst landforms and their responses to climate warming, whereas systematic investi-

gations of subsurface structure and deformation characteristics among different types of 

freeze–thaw-induced landslides have remained limited. In particular, in discontinuous 

permafrost regions where residual permafrost, taliks, and seasonally frozen ground coex-

ist, complex subsurface structures may strongly influence slope stability and deformation 

behavior. 

In this study, two representative freeze–thaw-related landslides in the Qilian Moun-

tains were investigated: 

(1) An active-layer detachment (ALD) developed in degraded discontinuous 

permafrost;  

(2) A freeze–thaw-induced shallow creep landslide located near the permafrost 

margin.  

By integrating UAV surveys, electrical resistivity tomography (ERT), and Sentinel-1 

InSAR observations, we systematically analyze the subsurface resistivity structures and 

surface LOS deformation characteristics of both features. The objectives of this study are 

to:  

(1) Investigate the subsurface structure of the ALD and its control on surface 

deformation in degraded discontinuous permafrost; 

(2) Examine the deformation characteristics of freeze–thaw-induced shallow 

creep landslides and their relationship with residual permafrost distribution 

near the permafrost margin; 

(3) Explore the coupling relationships among permafrost continuity, localized 

taliks, and surface kinematics across divergent freeze–thaw-related land-

slides.  

This study provides new insights into the mechanisms of freeze–thaw-induced slope 

deformation in alpine permafrost-margin environments and contributes to hazard assess-

ment and slope stability evaluation under ongoing permafrost degradation. 

2. Study Area and Methods 

2.1. Study Area 

The study area is situated within the southwestern quadrant of Delingha City, Qing-

hai Province, occupying the transitional ecotone between the northern margin of the west-

ern Qilian Mountains and the northern edge of the Qaidam Basin (approximately 37°15′N, 

97°20′E; Figure 1). This region is positioned along the northeastern margin of the QTP and 

represents a climatically sensitive permafrost environment highly vulnerable to contem-

porary climatic warming. The topographic elevation in the study area mainly ranges from 

4200 to 4700 m a.s.l. The regional topoclimate is characterized by a hyper-arid alpine con-

tinental regime defined by intense solar radiation, pronounced diurnal thermal cycles, 

sparse vegetation cover, and pervasive freeze–thaw activity. Winters are protracted, frigid, 

and dry, whereas summers are brief and relatively humid. Annual precipitation is gener-

ally less than 200 mm, while potential evaporation is much higher than precipitation. The 

mean annual air temperature (MAAT) is approximately −3 °C [27]. Permafrost distribu-

tion is stringently modulated by altitudinal and topographic gradients, with continuous 
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permafrost restricted to alpine domains, discontinuous and sporadic permafrost develop-

ing at intermediate elevations, and seasonally frozen ground dominating lower elevations. 

 

Figure 1. Study site in the western subrange of the Qilian Mountains, Qinghai Province, China. 

Notes: Elevation data were downloaded from STER V4 DEM accessed on 23 September 2014 

(http://gdex.cr.usgs.gov/gdex). 

Two representative freeze–thaw-induced landslides situated along distinct altitudi-

nal zones were selected for detailed investigation. The first site features an ALD slope 

failure triggered within degraded discontinuous permafrost. This ALD spans an altitudi-

nal range between 3517 and 3750 m a.s.l., with an approximate length of 293 m and an 

average width of 46.19 m. The slope failure is morphologically characterized by tensile 

cracking and detachment of the alpine meadow mat in the upslope sector, widespread 

exposure of grayish mineral soil in the central depletion–transport zone, and downslope 

displacement of shallow materials. The other site is a freeze–thaw-induced shallow creep 

landslide located near the lower limit of permafrost occurrence, with an altitudinal range 

between 3510 and 3640 m a.s.l. Compared with the ALD, this landslide shows weaker 

surface disturbance and is mainly characterized by shallow creep and downslope accu-

mulation of alpine meadow blocks. 

2.2. InSAR Processing 

Multi-temporal InSAR provides an effective approach for detecting slow and spa-

tially distributed slope deformation in mountain and permafrost terrain because it offers 

wide-area coverage, repeated observations, and high sensitivity to subtle surface motion, 

including in areas that are difficult to access by field surveys [24–26]. To characterize the 

surface kinematic progression of both landforms, Sentinel-1A ascending-track SAR im-

ages acquired between June 2015 and May 2025 were processed using a multi-temporal 

InSAR approach. Considering the strong seasonal freeze–thaw dynamics and vegetation-

induced phase decorrelation in the study area, the interferometric pair selection was care-

fully optimized based on spatial and temporal baseline distributions, as well as interfero-

metric coherence conditions. Following the co-registration of all SAR acquisitions, inter-

ferometric pairs with constrained temporal and perpendicular baselines were preferen-

tially selected to minimize spatiotemporal decorrelation. A total of 749 interferometric 

pairs were generated. The average temporal baseline was 35.74 days, while the average 

spatial baseline was approximately 47.56 m, with a maximum spatial baseline of 109.80 m 

(as shown in Figure 2). The Sentinel-1 Interferometric Wide Swath (IW) Single Look Com-

plex (SLC) data exhibit an inherent azimuth-to-range resolution ratio of approximately 

4:1. Therefore, multi-looking with a factor of 4 in the range direction was applied to estab-

lish uniform spatial resolution and reduce phase noise. Following interferogram genera-

https://doi.org/10.3390/app16136535
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tion, flat-earth and topographic phase components were removed using the Shuttle Radar 

Topography Mission (SRTM) DEM. Goldstein filtering was subsequently applied to en-

hance the interferometric phase quality, and 2D phase unwrapping was performed using 

the Minimum Cost Flow algorithm. The generated interferograms, coherence maps, and 

unwrapped phase images were manually inspected to exclude image pairs affected by 

low coherence or phase-unwrapping errors. Interferometric pairs with satisfactory coher-

ence and reliable unwrapping results were retained for further processing. Ground con-

trol points (GCPs) located in relatively stable areas were manually selected for orbital re-

finement and phase re-leveling. Finally, a time-series inversion was performed on the cor-

rected unwrapped phases to retrieve the line-of-sight (LOS) velocities of the landslides. 

 

Figure 2. Connections between the Sentinel-1 SAR acquisitions with the spatial (a) and temporal 

baselines (b). 

2.3. Electrical Resistivity Tomography (ERT) Surveys 

A total of seven ERT profiles were surveyed across both landslides to investigate the 

subsurface structure and permafrost distribution (as shown in Figure 3). Profiles ERT 1–

ERT 3 were arranged across the ALD, comprising one longitudinal profile (ERT 1) extend-

ing from the upslope detachment zone to the frontal accumulation zone, and two trans-

verse profiles: one crossing the frontal accumulation lobe (ERT 2) and one outside the 

frontal margin (ERT 3) of the ALD. Profiles ERT4–ERT7 were conducted across the freeze–

thaw-induced shallow creep landslide, including longitudinal and transverse sections 

spanning the marginal permafrost zone (ERT 4 and ERT 5) and lower-elevation seasonal 

frost zone (ERT 6 and ERT 7), as shown in Figure 3. All ERT data acquisition campaigns 

were performed using a SUPERSTING R8 resistivity imaging system (Advanced Geosci-

ences Inc., Austin, TX, USA). A Wenner–Schlumberger electrode array was adopted due 

to its balanced sensitivity to both vertical stratification and horizontal resistivity gradients. 

Electrode spacing was set to 2 m, and profile lengths ranged from approximately 100 to 

400 m depending on terrain conditions and landslide geometry. Because the alpine 

meadow surface and coarse surficial debris often compromised electrical coupling, salt-

water-soaked sponges were utilized at the electrode contacts to enhance conductivity dur-

ing field measurements. The surveys were conducted during thaw season (August 10th–

15th, 2025) when the active layer was sufficiently developed and the ground surface was 

free of snow cover. The apparent resistivity data were processed and inverted using the 

smoothness-constrained optimization algorithm within RES2DINV software(ver.4.8.9). 

Topographic correction based on differential GPS elevation measurements was incorpo-

rated into the inversion process to improve model accuracy. After inversion, the resistivity 

models were interpreted using both relative spatial contrasts and a locally constrained 

reference threshold. Preliminary borehole temperature observations(assembled by and 

calibrated in the State Key Laboratory of Frozen Soils Engineering, Lanzhou, China) and 

co-located ERT measurements from nearby monitoring sites adjacent to the freeze–thaw-

induced shallow creep landslide were used to constrain the resistivity range of frozen or 
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ice-bearing ground under comparable permafrost-margin conditions. This joint borehole 

ERT calibration indicated that thaw-season resistivity values of approximately 700 Ω m 

or higher generally correspond to probable frozen or ice-bearing materials, whereas mark-

edly lower values are more consistent with unfrozen, water-rich, or fine-grained materials. 

Because no borehole was drilled directly along the ERT profiles analyzed in this study, 

the 700 Ω m value was used only as a local reference threshold. Frozen ground occurrence 

was therefore inferred from the threshold, together with the lateral continuity and geom-

etry of resistive anomalies, geomorphic setting, elevation, and correspondence with In-

SAR-derived deformation patterns. 

Prior applications of two-dimensional ERT and GPR in mountainous and permafrost 

terrains have demonstrated their efficacy in constraining subsurface lithology, frozen 

ground distribution, and degraded or sporadic permafrost conditions [28–30]. However, 

bulk subsurface resistivity is governed not solely by thermal state, but by a complex in-

terplay of liquid-water content, ground-ice volume, lithology, porosity, pore-water con-

ductivity, and inversion regularization parameters. To evaluate the fidelity of the inverted 

resistivity structures, the depth-of-investigation (DOI) index was computed as a model-

appraisal metric following established ERT reliability assessment frameworks [31]. The 

DOI index quantifies the degree to which a reconstructed resistivity model is constrained 

by measured apparent resistivity data versus initial reference-model assumptions. Lower 

DOI values signify model cells that are robustly constrained by field data, whereas ele-

vated DOI values identify regions where the inversion scheme is increasingly dominated 

by regularization constraints, reference models, or diminished data sensitivity. In this 

study, a DOI threshold of < 0.2 was adopted to demarcate reliable model cells; conversely, 

zones with DOI values exceeding 0.2—particularly within deeper sections and peripheral 

profile margins—were interpreted with caution. Consequently, the DOI maps were uti-

lized to delimit the reliable interpretation domain and to critically evaluate whether deep-

seated conductive anomalies represented poorly constrained inversion artifacts rather 

than geologically meaningful cryotic features. 
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Figure 3. Surficial geomorphology and geophysical survey layouts: (a) UAV orthomosaic and (b) 

digital elevation model (DEM) of the active-layer detachment complex; (c) UAV orthomosaic and 

(d) DEM of the freeze–thaw-induced shallow creep landslide, showing the spatial distribution of 

the electrical resistivity tomography (ERT) profiles. 

2.4. Unmanned Aerial Vehicle (UAV) Geomorphic Photogrammetry 

UAV-based aerial surveys were executed during the thaw season (August 14th-15th, 

2025) to obtain ultra-high-resolution geomorphological and topographic frameworks for 

both features. The UAV platform used in this study was a Matrice 210 rotary-wing UAV 

(SZ DJI Technology Co., Ltd., Shenzhen, China), equipped with an onboard GPS receiver 

and altimeter sensor. The operating temperature range of the UAV spanned −20 to 50 °C, 

ensuring stable operation in high-altitude cold environments. A DJI ZENMUSE X5S digi-

tal camera with a 20-megapixel CMOS sensor (5280 × 3956 pixels resolution, 4:3 aspect 

ratio) was deployed for image acquisition. UAV flights were conducted under optimal 

nadir and off-nadir parameters with sufficient image overlap (>80% forward and >70% 

side lap) to ensure the quality of photogrammetric reconstruction. The acquired images 

were processed using structure-from-motion (SfM) photogrammetry to generate digital 

orthomosaics and digital surface models (DSMs). The UAV-derived datasets were used 

to identify geomorphic features such as meadow-mat cracking, exposed mineral soil, 

frontal turf-block accumulation, and local compressional deformation, and to support the 

interpretation of InSAR and ERT results. 

To quantify the relative vegetation signal from the UAV-derived RGB orthomosaics, 

the green leaf index (GLI) was computed on a pixel-by-pixel basis [32]. Elevated positive 

GLI values signify that green reflectance dominates the red and blue spectral bands, which 

typically corresponds to a denser or more continuous alpine meadow canopy under com-

parable illumination conditions. GLI values approaching zero indicate attenuated or 

mixed spectral signatures, which are characteristic of sparse vegetation, exposed substrate 

intermingled with turf, or mechanically disrupted meadow surfaces. Conversely, negative 

or near-zero values delineate features lacking active chlorophyll signals, including ex-

posed mineral soil, senescent or damaged vegetation, water-saturated dark surfaces, or 

terrain shadows. Consequently, spatial declines in the GLI along the longitudinal tran-

sects were interpreted as diagnostic evidence of vegetation degradation or meadow-mat 

disruption, and were systematically co-analyzed with subsurface ERT resistivity struc-

tures and surficial InSAR deformation patterns. 

3. Results 

3.1. Electrical Resistivity Structure of the ALD 

The ERT profiles reveal pronounced spatial heterogeneity in the subsurface resistiv-

ity structure of the ALD. Permafrost exhibits a discontinuous distribution, manifested as 

isolated high-resistivity bodies separated by localized thawed zones. Overall, the longitu-

dinal profile ERT1 demonstrates a clear downslope decrease in resistivity, suggesting de-

graded permafrost integrity at lower elevations and localized thawing within the lower 

slope segments (Figure 4). The most complex resistivity structure occurs between approx-

imately 200 and 350 m along ERT1, corresponding to the central and most strongly de-

formed part of the ALD. In this sector, the alpine meadow turf has undergone fragmenta-

tion and displacement, subsequently exposing the underlying grayish-brown mineral 

substrate. Distinct low-resistivity anomalies are evident at approximately 230–260 m and 

330–350 m, likely representing taliks or saturated unfrozen layers. In contrast, a relatively 

high-resistivity permafrost body is preserved between 260 and 330 m, exhibiting a peak 

resistivity value of 1430 Ω m. Resistivity remains consistently higher than 1300 Ω m down 
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to a depth of approximately 20 m, implying that the cryotic layer extends beyond the de-

tection limits of the array. The maximum depth of the shallow unfrozen or thawed layer 

occurs near 280 m, reaching approximately 15 m. This zone coincides with the most se-

verely disturbed and exposed part of the ALD, indicating pronounced active-layer deep-

ening and permafrost degradation. Toward lower elevations along ERT1, the thickness of 

the shallow unfrozen layer remains relatively stable, typically ranging from 5 to 10 m. 

However, both the resistivity magnitude and thickness of the underlying permafrost de-

crease in the downslope direction. In the 0–50 m section, located outside the frontal slope 

of the ALD, no continuous high-resistivity frozen layer is detected, suggesting that per-

mafrost has primarily undergone complete thawing or persists solely as isolated rem-

nants. Although the depth-of-investigation (DOI) index reaches relatively high values (ex-

ceeding 0.5) at greater depths, the vast majority of the ERT profile area down to a depth 

of 15 m exhibits low DOI values, thereby demonstrating the high reliability and robust 

data constraints of the ERT inversion results. 

 

Figure 4. Longitudinal geoelectrical characterization of the active-layer detachment: (a) 2D inverted 

resistivity tomogram and (b) spatial distribution of the depth-of-investigation (DOI) index, demon-

strating the data reliability and depth constraints of the geophysical inversion. 

The transverse profile ERT2, situated within the frontal accumulation lobe of the 

ALD, is characterized by predominantly low and laterally variable resistivity, indicative 

https://doi.org/10.3390/app16136535


Appl. Sci. 2026, 16, 6535 9 of 21 
 

https://doi.org/10.3390/app16136535 

of a discontinuous permafrost regime (as shown in Figure 5). On the western flank of the 

profile (0–40 m), relatively high resistivity values are observed. The shallow unfrozen 

layer is approximately 5–10 m thick, below which resistivity increases with depth, attain-

ing a maximum value of 1041 Ω m. This pattern suggests the presence of a permafrost 

body whose lower boundary is not resolved within the inversion depth. In contrast, the 

40–60 m section exhibits low resistivity, with peak values reaching only ~400 Ω m, signi-

fying a localized talik. On the eastern flank of the profile (65–84 m), which aligns with the 

lateral margin of the ALD, permafrost signatures are also detected. The shallow unfrozen 

layer is approximately 5–8 m thick, underlain by a resistive layer roughly 4–6 m thick, 

with a maximum resistivity of 848 Ω m. The base of permafrost is identified at a depth of 

approximately 8 m.  

Compared with ERT2, ERT3, which is located outside the frontal margin of the ALD, 

shows substantially lower resistivity. Resistivity displays only a gradual vertical gradient, 

peaking at approximately 422 Ω m. The absence of any continuous high-resistivity anom-

alies suggests that permafrost in this sector has largely degraded. Collectively, the three 

ERT profiles demonstrate that the ALD occurred within a degraded discontinuous per-

mafrost environment. Permafrost degradation is most pronounced within the central de-

formation zone, while patchy permafrost persists in the frontal accumulation lobe; nota-

bly, no clear geophysical evidence for permafrost is discernible beyond the frontal margin. 

 

Figure 5. Transverse ERT inverted profiles in the frontal accumulation lobe (a) and outside the 

frontal margin (b) of the active-layer detachment. 

3.2. Electrical Resistivity Structure of the Freeze–Thaw-Induced Shallow Creep Landslide 

The longitudinal profile ERT4 exhibits a pronounced transition in permafrost occur-

rences along the altitudinal gradient. In the upper part of the landslide (0–65 m), resistivity 

is relatively high and displays a non-monotonic vertical trend, characterized by an initial 

increase followed by a subsequent decrease with depth (Figure 6). The shallow unfrozen 

layer measures approximately 2–4 m in thickness, with peak resistivity attaining a value 

of 812 Ω m. The underlying permafrost layer is approximately 5–10 m thick. Although the 

continuous resistive anomaly indicates the presence of permafrost in the upper part of the 

slope, its magnitude is substantially lower than that observed in the high-elevation ALD 

profile, and the resistive zone exhibits significant spatial heterogeneity. This suggests that 

permafrost in this sector is poorly preserved—likely characterized by high ground tem-

perature and low ice content—positioning it near a critically degraded marginal state. In 

the medial and distal parts of ERT4 (65–110 m), resistivity decreases precipitously, with 
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peak values remaining below 347 Ω m. This section is characterized by laterally continu-

ous low-resistivity anomalies, indicative of unfrozen, saturated, or fine-grained subsur-

face materials. The absence of a continuous highly resistive layer suggests that the medial 

and lower segments of the landslide are devoid of continuous permafrost. The progressive 

decrease in resistivity toward lower elevations indicates that the landslide is located near 

the lower limit of permafrost preservation, representing a degraded permafrost margin. 

The longitudinal profile ERT6 similarly demonstrates predominantly low resistivity val-

ues. The majority of the profile yields resistivity values below 229 Ω m, rarely exceeding 

300 Ω m. No continuous high-resistivity frozen layer is detected, indicating that perma-

frost is largely absent in this area. A prominent conductive horizon occurs within the up-

per 3–5 m, with values commonly below 100 Ω m. This layer likely represents water-rich 

shallow materials or a fine-grained layer. Resistivity increases slightly with depth, possi-

bly reflecting attenuated moisture content, enhanced compaction, or a higher proportion 

of coarse-grained materials. However, the bulk resistivity remains insufficient to suggest 

the presence of permafrost. 

 

Figure 6. Longitudinal ERT inverted profiles across the upper part (a) and lower part (b) of the 

freeze–thaw-induced shallow creep landslide. 

The transverse profile ERT5, situated at approximately 3600 m a.s.l. near the lower 

elevational limit of discontinuous permafrost inferred from ERT4, is characterized by gen-

erally low resistivity values (Figure 7a). Unlike the upper part of ERT4, no continuous 

high-resistivity frozen layer was detected along this profile. Except for a limited area on 

the right side of the profile where resistivity locally exceeds 400 Ω m, most of the section 

exhibits resistivity values below 200 Ω m. This pattern suggests that permafrost is largely 

absent beneath ERT5 and that the subsurface is mainly composed of unfrozen, water-rich, 

or fine-grained materials. The absence of a laterally continuous resistive layer further in-

dicates that the main body of the landslide near this elevation lacks a stable active-layer–

permafrost interface.  
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The transverse profile ERT7, positioned at an elevation of approximately 3570 m a.s.l., 

also shows generally low resistivity over most of the profile (Figure 7b). However, a lo-

calized high-resistivity anomaly occurs on the left side of the profile, with maximum val-

ues approaching 900 Ω m. Field observations indicate that this part of the profile is char-

acterized by accumulated meadow blocks, abundant cracks, and locally coarse blocky de-

bris, which may have reduced electrode–ground contact quality and increased apparent 

resistivity. Outside this localized anomaly, the profile is dominated by low-to-moderate 

resistivity values and does not show a continuous frozen layer. Synthesizing the results 

from ERT4–ERT7, permafrost is preserved only in the upper or locally higher-elevation 

parts of the landslide, whereas the main landslide body is dominated by shallow conduc-

tive materials and lacks a continuous active-layer–permafrost interface. Consequently, 

this feature is not classified as a typical ALD, but rather as a freeze–thaw-induced shallow 

creep landslide governed by seasonal freeze–thaw cycles and hydro-mechanical destabi-

lization. 

 

Figure 7. Transversal ERT inverted profiles across the (a) upper part and (b) lower part of the freeze–

thaw-induced shallow creep landslide. 

3.3. InSAR-Derived Kinematic Characteristics and Spatial Deformation Patterns 

The Sentinel-1 InSAR interferometry results reveal pronounced spatially heterogene-

ous deformation patterns across both the ALD and the freeze–thaw-induced shallow 

creep landslide. Integrating field observations with UAV orthomosaics, the ALD can be 

segmented into three distinct morpho-structural units: an upslope detachment zone, a 

central depletion transport zone, and a frontal accumulation zone. The detachment zone 

exhibits the highest line-of-sight (LOS) velocity, with a maximum of 21.86 mm/year, a 

minimum of 12.53 mm/year, and a mean of 17.32 mm/year (as shown in Figure 8). The 

peak displacement is localized in the southwestern corner of the ALD root area, where 

numerous tensile cracks are manifested, the alpine meadow turf has undergone displace-

ment, and grayish mineral soil is locally exposed. This sector is dominated by shallow 

detachment and creep processes. No steep scarp is observed, and the geomorphology 

lacks evidence of the retrogressive headwall retreat typical of RTSs. The depletion 
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transport zone also displays relatively elevated LOS deformation rates, yielding a maxi-

mum of 21.40 mm/year, a minimum of 1.61 mm/year, and a mean of 14.15 mm/year. This 

zone is distinctively characterized by the stripping of the alpine meadow turf, exposure 

of the grayish mineral soil, and subsequent downslope transport of displaced materials. 

Peak deformation occurs in the medial to distal portion of the landslide, corresponding to 

the area undergoing intensive turf stripping and widespread exposure of grayish mineral 

soil (totaling approximately 972.36 m²). Conversely, the minimum displacement within 

this zone occurs mainly near the transition to the upslope detachment zone, where locally 

accumulated turf blocks derived from the upper slope are present. Overall, the mean LOS 

deformation rate in the depletion transport zone is slightly lower than that in the upslope 

detachment zone, yet it remains a strongly deforming sector within the ALD. Concur-

rently, the accumulation zone exhibits substantially attenuated LOS deformation rates 

compared to the upslope detachment and central depletion–transport zones, ranging from 

−3.88 to 2.20 mm/year, with a mean of −0.65 mm/year. This sector is mainly characterized 

by imbricated turf blocks and local compressional deformation. Relatively high local de-

formation occurs in the northeastern part of the frontal zone, corresponding to a steeper 

frontal slope and localized compression. Overall, the LOS deformation within the ALD 

decreases markedly from the upslope detachment and central depletion–transport zones 

toward the frontal accumulation zone. This spatial trend demonstrates that present kine-

matic activity is mainly concentrated in the upper and central reaches of the ALD, whereas 

the frontal zone is dominated by accumulation and local morphological readjustment. 

 

Figure 8. Eco-geomorphic characteristics and kinematic activity of the active-layer detachment com-

plex: (a) UAV-derived green leaf index map and (b) annual line-of-sight (LOS) ground deformation 

rate map computed from SBAS-InSAR processing. 

The freeze–thaw-induced shallow creep landslide displays LOS deformation rates 

ranging from −35.23 to −1.31 mm/year and exhibits a pronounced elevation-dependent 

pattern. Based on the high-density ERT results detailed previously, the inferior elevational 

limit of discontinuous permafrost within this landslide complex was identified at approx-

imately 3600 m a.s.l. Accordingly, the landslide is bifurcated into an upper permafrost-

margin sector and a lower seasonally frozen ground sector using the 3600 m a.s.l. contour 

as the boundary. The upper permafrost-margin sector exhibits LOS deformation rates 

ranging from −35.23 to −17.33 mm/year, with a mean of −25.25 mm/year, constituting the 
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most strongly deforming domain of the freeze–thaw-induced shallow creep landslide (as 

shown in Figure 9). In terms of absolute LOS velocity, this sector also exhibits greater 

deformation magnitudes than any of the ALD sectors. The maximum displacement occurs 

on the northeastern flank of the landslide, where creep-related accumulation of the alpine 

meadow turf is observed. However, tensile cracks are poorly developed, the vegetation 

cover remains largely intact, and no distinct landslide headwall or extensive exposure of 

underlying substrate is observed. Crucially, the LOS deformation rates decrease progres-

sively with decreasing elevation. In the lower seasonally frozen ground sector, LOS de-

formation rates range from −19.23 to −1.31 mm/year, with a mean of −8.48 mm/year, which 

is substantially lower than that of the upper permafrost-margin sector. Although localized 

creep-related accumulation of the alpine meadow turf is still observed in this lower sector, 

field observations and UAV imagery indicate that the intensity of local compression and 

the extent of accumulation are much less pronounced than those in the upper sector. This 

is consistent with the attenuating displacement trend indicated by the InSAR results. In 

summary, the ALD is characterized by intense deformation in the upslope detachment 

and central depletion–transport zones and attenuated deformation in the frontal accumu-

lation zone. In contrast, the freeze–thaw-induced shallow creep landslide exhibits strong 

deformation in the upper permafrost-margin sector and subdued deformation in the 

lower seasonally frozen ground sector. Based solely on the absolute magnitude of LOS 

deformation rates, the upper permafrost-margin sector of the freeze–thaw-induced shal-

low creep landslide exhibits the largest InSAR-detectable deformation within the study 

area. 

 

Figure 9. Eco-geomorphic characteristics and kinematic activity of the freeze–thaw-induced shallow 

creep landslide: (a) UAV-derived green leaf index map and (b) annual line-of-sight (LOS) ground 

deformation rate map computed from SBAS-InSAR processing. 

4. Discussion 

4.1. Deformation Mechanism of the ALD in Degraded Discontinuous Permafrost 

The ERT profiles reveal that the investigated ALD developed within a degraded dis-

continuous permafrost environment. Along the downslope altitudinal gradient, the sub-

surface structure is characterized by alternating vestigial high-resistivity cryotic masses 

and localized low-resistivity taliks. Unlike typical retrogressive thaw slumps (RTSs), this 

landslide lacks a steep scarp, persistent headwall retreat, and discernible retrogressive 
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erosion. Instead, it manifests primarily as tensile cracking of the alpine meadow turf in 

the upslope root zone, stripping and displacement of the vegetation cover in the central 

reach, exposure of the underlying grayish mineral substrate, and subsequent downslope 

transport of shallow colluvial materials. These morpho-structural features suggest that 

landslide initiation and development are closely related to elevated pore-water pressure 

near the active-layer base, thaw-induced weakening, and consequent reductions in fric-

tional shear strength. The InSAR results demonstrate that LOS deformation is mainly con-

centrated within the upslope detachment zone and the central depletion–transport zone. 

These two sectors are characterized by cracking, detachment, and downslope displace-

ment of the alpine meadow turf, together with extensive exposure of the grayish mineral 

soil. To further examine the kinematic relationship between surface deformation and per-

mafrost structure, resistivity values at a 5 m depth along ERT1 were extracted and com-

pared with the corresponding InSAR-derived LOS deformation rates. The spatial overlay 

profile demonstrates that LOS deformation and resistivity at a 5 m depth exhibit a pro-

nounced non-linear spatial decoupling rather than a simplistic linear correlation(as shown 

in Figure 10). The highest deformation rates do not correspond to the most resistive per-

mafrost bodies stabilized by ground ice; instead, peak displacement velocities occur pre-

dominantly within conductive taliks, particularly within the low-resistivity transition cor-

ridors between two relatively resistive frozen bodies. For example, the section at approx-

imately 30–80 m along the profile shows relatively high LOS deformation rates, while cor-

responding to a low-resistivity thawed zone between two high-resistivity permafrost bod-

ies. Similar correspondence between low-resistivity thawed zones and enhanced LOS de-

formation is also observed in other parts of the profile. This pattern indicates that greater 

surface deformation does not necessarily imply higher ground-ice content or better-pre-

served permafrost. Rather, it is more likely associated with thawed zones formed during 

permafrost degradation. High-resistivity frozen bodies likely possess a higher volumetric 

ice content and robust cryogenic cohesion, resulting in greater matrix stiffness and shear 

strength. Under downslope shear stress, these frozen bodies are thus more resistant to 

deformation than adjacent thawed or water-rich layers. In contrast, low-resistivity thawed 

zones generally indicate unfrozen, highly saturated, or fine-grained materials, which are 

highly susceptible to geomechanical shear failure and strain localization [20]. Furthermore, 

vestigial permafrost bodies act as low-permeability hydrological barriers, limiting the 

downward drainage of snowmelt, rainfall infiltration, and shallow groundwater [33]. This 

mechanism forces preferential moisture accumulation within adjacent taliks or immedi-

ately above the permafrost table. Previous investigations across Canada, the Qinghai–Ti-

bet Plateau (QTP), and Arctic regions have demonstrated that such ALD failures are com-

monly associated with the accumulation of excess pore-water pressure and a concomitant 

reduction in shear strength near the active-layer base or the permafrost table [17,34,35]. 

When thawing, rainfall, or soil saturation weakens this interface, shallow materials are 

more likely to detach, creep, or slide downslope via effective stress collapse [9]. Our em-

pirical observations align closely with this mechanistic framework. However, the ALD 

identified in this study differs from conventional, rapid failure events because the stabi-

lizing permafrost boundary lacks continuity. Instead, ERT imaging delineates residual 

frozen bodies separated by conductive taliks, suggesting that the spatial locus of shearing 

is modulated by the fragmented structural geometry of the degraded permafrost matrix, 

rather than being confined to a single, well-defined basal detachment plane. 
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Figure 10. Spatial alignment of surface kinematics, subsurface geoelectrical structures, and eco-ge-

omorphic indices along the primary landslide axes. (a) Longitudinal profile ERT1 of the active-layer 

detachment and (b) longitudinal profile ERT4 of the freeze–thaw-induced shallow creep landslide, 

illustrating the coupled relationships among multi-temporal InSAR-derived line-of-sight defor-

mation rates (blue line), electrical resistivity values at a 5 m depth(red line), and the UAV-derived 

green leaf index (green line). The shaded envelopes indicate the local 10th–90th percentile range 

calculated within a 30 m moving window along each profile.  

Surface disturbance may further amplify these spatial differences in deformation dy-

namics. Within the upslope and central sectors of the ALD complex, widespread tensile 

cracking, denudation of the organic turf mat, and the exposure of the underlying grayish-

brown mineral substrate—substantiated by both in situ field observations and corre-

sponding negative or near-zero GLI values—severely impair the thermal buffering capac-

ity inherently provided by pristine vegetation and organic overburdens [36]. This denu-

dation enhances ground heat absorption and water infiltration, thereby promoting active-

layer deepening and localized thawing. Previous studies have emphasized that vegetation 

and organic layers play a critical role in thermal insulation. Disturbance to surface vege-

tation fundamentally alters the surface energy balance, leading to active-layer thickening 

and permafrost degradation [37]. Therefore, turf-mat disturbance in the upslope and cen-

tral sectors is not only a surface expression of ALD deformation, but actively intensifies 

the thermal disturbance to the underlying permafrost. This initiates a positive thermal 

feedback loop wherein surface denudation, enhanced downward heat flux, and hydro-

mechanical thaw weakening mutually accelerate slope failure [38]. In contrast, the lower-

elevation frontal accumulation zone is mainly characterized by imbricated, displaced turf 

blocks and local compressional deformation. Although discrete cracks characterized by 

near-zero GLI values occur between individual turf blocks, this zone is characterized by 

an absence of extensive turf denudation or widespread exposure of the mineral substrate, 

with GLI values across the majority of the area hovering around 0.4. This relatively con-

tinuous vegetation canopy and thickened turf blocks continue to offer substantial thermal 

insulation, thereby attenuating direct thermal disturbance to the underlying permafrost 

[39]. The correlation analysis provides quantitative support for this interpretation. Along 

the longitudinal transect of the ALD, the surface deformation rate exhibits a strong, sta-

tistically significant inverse correlation with the green leaf index (Pearson r = -0.71, p < 

0.001). This coupled relationship demonstrates that the most kinetically active sectors of 

the landslide slope systematically coincide with zones of severe vegetation degradation 

or disrupted turf cover. The ERT results indicate that permafrost remains in the frontal 
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accumulation zone. Although its resistivity is lower than that in the upslope and central 

sectors, the frozen layer can still be locally continuous or semi-continuous even under 

lower-elevation conditions. Consistently, the InSAR results show that LOS deformation 

rates in the frontal accumulation zone are much lower than those in the upslope detach-

ment and central depletion–transport zones. These observations suggest that, near the 

permafrost margin, the degree of permafrost continuity and the integrity of the surface 

insulation layer exert an overriding control on the spatial distribution of ALD surface de-

formation. 

4.2. Enhanced Deformation at the Permafrost Margin in the Freeze–Thaw-Induced Shallow 

Creep Landslide 

Compared with the ALD, the freeze–thaw-induced shallow creep landslide exhibits 

distinct surface kinematic profiles and subsurface hydro-geophysical configurations. The 

upper part of the landslide is mainly characterized by chronic downslope viscoelastic 

creep of the alpine meadow turf, local accumulation, and compressional deformation. 

This sector also corresponds to the highest LOS deformation rates derived from InSAR. 

To further examine the spatial coupling between surface deformation and the near-surface 

cryotic architecture, resistivity values at a 5 m depth along ERT4 were extracted and com-

pared with the corresponding InSAR-derived LOS deformation rates (as shown in Figure 

10). The joint profile demonstrates that the maximum strain acceleration occurs in the up-

per part of the landslide, between the 0 and 48 m electrodes, where LOS deformation rates 

range from –30.76 to –33.58 mm/year. This sector also exhibits the highest resistivity val-

ues along the profile, with a maximum resistivity of 632.20 Ω m at 5 m depth and a peak 

resistivity of 812 Ω m at greater depth. However, compared with the ALD, these peak 

resistivity values remain relatively low and close to the lower threshold for frozen ground 

interpretation, indicating that the permafrost layer in this area is likely weakly preserved, 

near-isothermal, and thermally marginal. The enhanced deformation in this upper sector 

may be attributed to the hydro-mechanical destabilization under a degrading permafrost 

near the permafrost margin [20]. Where an underlying frozen layer acts as an impermea-

ble aquiclude, snowmelt, rainfall infiltration, and shallow groundwater converge prefer-

entially at the supra-permafrost boundary or within the near-surface thawed matrix. This 

can increase pore-water pressure, reduce effective stress, and lower soil shear strength, 

thereby promoting instability of the overlying sediments [10,40]. Although the permafrost 

body itself may retain a certain degree of stiffness and resistance to deformation, its mar-

gins are more likely to develop thaw-transition zones and water-rich weak layers. In Arc-

tic Alaska and the Seward Peninsula, InSAR and field observations further indicate that 

active-layer displacement and shallow soil movement are strongly influenced by freeze–

thaw state, transient water storage, vegetation and soil cohesion, drainage convergence, 

and ground-ice distribution [41,42]. Seasonal InSAR studies in Svalbard and on the QTP 

similarly demonstrate that thaw subsidence and creep-like deformation vary with the tim-

ing of active-layer thaw and local ground thermal conditions [43]. Pervasive seasonal 

freeze–thaw cycles can further induce expansion, contraction, and structural fabric dis-

ruption of shallow soils, while nival meltwater or meteoric inputs amplify the soil mois-

ture content [44]. Together, these processes favor slow, shallow creep of the meadow mat 

and near-surface materials. The disruption of permafrost continuity, expansion of thawed 

zones, and development of shallow low-resistivity layers collectively influence near-sur-

face moisture conditions, freeze–thaw frequency, and the physical–mechanical properties 

of the soil. These changes attenuate global slope stability and elucidate why the peak kin-

ematic activity is concentrated in the upper permafrost-margin sector rather than being 

uniformly distributed across the landslide [2,18]. 
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Along the downslope altitudinal gradient, the study area gradually transitions from 

a discontinuous or sporadic permafrost regime to seasonally frozen ground. Along ERT4, 

two pronounced decreases in resistivity occur at approximately 50–58 m and 64–70 m, 

where resistivity at 5 m depth drops to around 180 Ω m. These decreases correspond to a 

marked reduction in surface deformation. Further downslope, resistivity at 5 m depth 

gradually decreases to approximately 140 Ω m and becomes relatively stable, while LOS 

deformation rates also decline to their lowest values. Although the lower seasonally fro-

zen ground sector contains shallow low-resistivity materials and localized creep-related 

meadow-mat accumulation, its LOS deformation rates are much lower than those in the 

upper permafrost-margin sector. This contrast suggests that the disappearance of perma-

frost changes the hydrological and mechanical behavior of the shallow slope materials. 

Once permafrost is largely absent, the slope no longer receives sustained water input as-

sociated with thawing permafrost, and it also lacks the persistent frozen boundary that 

can act as a low-permeability barrier. After short-lived seasonal snow and ice melt in early 

spring, shallow soil water may drain rapidly downward or laterally through preferential 

drainage pathways, followed by dewatering and consolidation. This process can restore 

effective shear resistance in the shallow soil layer [45]. In addition, without a residual fro-

zen layer, the prolonged maintenance of excess pore-water pressure is precluded because 

water can more readily drain downward or laterally. As a result, freeze–thaw-induced 

shallow creep can still occur in the lower seasonally frozen ground sector, but its defor-

mation intensity is significantly weaker than within the upper permafrost-margin sector. 

In summary, the peak kinematic displacement of the freeze–thaw-induced shallow creep 

landslide is concentrated in the upper permafrost-margin sector rather than in the lower 

seasonally frozen ground sector. This indicates that the permafrost degradation margin 

may represent a deformation-sensitive zone for thaw-related shallow slope movement. In 

this zone, permafrost has not completely disappeared, but its continuity and thermal sta-

bility have already been substantially reduced. Residual frozen bodies, low-resistivity 

thawed zones, and water-rich shallow materials jointly create hydro-thermo-mechani-

cally unstable conditions, promoting slow creep of the alpine meadow mat and local ac-

cumulation. 

4.3. Uncertainties and Limitations 

Although the integrated ERT–InSAR framework provides useful constraints on the 

spatial association between subsurface hydrothermal heterogeneity and surface defor-

mation, several methodological limitations should be explicitly acknowledged. First, ERT 

delineates the distribution of bulk electrical resistivity rather than directly measuring in 

situ ground temperature or ice content. In permafrost landscapes, resistivity is strongly 

governed by temperature and the phase state of pore water, but it is also affected by grain-

size distribution, porosity, degree of saturation, mineral composition, pore-water conduc-

tivity, and the presence of coarse blocky materials [21,46,47]. Therefore, high-resistivity 

anomalies should be interpreted as probable frozen or ice-rich bodies only when sup-

ported by geomorphic setting, elevation, and spatial continuity, whereas low-resistivity 

anomalies may indicate unfrozen, water-rich, fine-grained, or more conductive materials. 

The resistivity interpretation in this study was guided by preliminary borehole tempera-

ture and ERT observations from nearby monitoring sites located adjacent to the freeze–

thaw-induced shallow creep landslide within identical permafrost-margin conditions. 

This local calibration enhances the robustness of the ERT interpretation. However, be-

cause the calibration site is not strictly co-located with all ERT profiles, the ERT-derived 

frozen ground structure in this study should be regarded as a semi-quantitative hydro-

thermal interpretation rather than a direct measurement of permafrost temperature or 

volumetric ice content. In addition, uncertainties are also associated with the ERT inver-
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sion procedure. The apparent resistivity data were inverted using a smoothness-con-

strained least-squares algorithm in RES2DINV, and robust inversion was additionally 

performed as a sensitivity test. Although both inversion schemes produced broadly simi-

lar resistivity patterns, ERT inversion remains a non-unique and regularization-depend-

ent problem [48]. Moreover, model sensitivity generally decreases with depth and toward 

profile margins; therefore, the lower boundaries of resistive bodies and deeper conductive 

zones should be interpreted more cautiously than the shallow and middle portions of the 

sections [31]. In this study, the main interpretation therefore emphasizes first-order spatial 

patterns and relative contrasts among frozen, thawed, and water-rich zones, rather than 

exact permafrost boundaries or absolute ice content estimates. 

The InSAR results also contain several sources of uncertainty. Sentinel-1 InSAR 

measures displacement only along the satellite’s line of sight and, therefore, cannot inde-

pendently resolve vertical subsidence, horizontal downslope motion, and local rotational 

deformation [49]. In alpine permafrost terrain, atmospheric delay, seasonal snow cover, 

vegetation dynamics, freeze–thaw-related decorrelation, phase-unwrapping uncertainty, 

reference-area selection, and spatial averaging at the radar-pixel scale may further affect 

the retrieved velocity field [50]. For this reason, the LOS deformation rates in this study 

are interpreted as relative indicators of spatial deformation intensity rather than complete 

three-dimensional displacement vectors. A further limitation arises from the different 

temporal scales of the datasets. The InSAR velocities represent multi-year average defor-

mation over 2015–2025, whereas the ERT and UAV surveys were conducted during a sin-

gle thaw season in 2025. Future work should combine repeated ERT surveys, borehole 

temperature monitoring, active-layer probing, soil-moisture and pore-pressure measure-

ments, multi-geometry InSAR, and repeated UAV topographic surveys to better constrain 

the seasonal and interannual hydro-thermal-mechanical evolution of permafrost-margin 

slope deformation. 

5. Conclusions 

This study systematically investigated the structural and kinematic behaviors of two 

representative freeze–thaw-related landslides in the alpine permafrost region of the west-

ern Qilian Mountains using an integrated framework combining UAV photogrammetry, 

ERT, and Sentinel-1 multi-temporal InSAR interferometry. The investigated landslides 

represent contrasting geomorphic responses to permafrost degradation along an eleva-

tion-dependent permafrost transition zone. The ALD developed within degraded perma-

frost characterized by alternating discontinuous permafrost bodies and localized taliks, 

while the freeze–thaw-induced shallow creep landslide occurred near the lower limit of 

permafrost. ERT results revealed pronounced spatial heterogeneity in the subsurface per-

mafrost architecture, while InSAR datasets demonstrated that peak surface deformation 

preferentially concentrated within localized taliks. In the ALD, deformation was concen-

trated in the upslope detachment zone and the central depletion–transport zone, where 

conductive talik pathways and exposed mineral soil were widespread. In contrast, the 

freeze–thaw-induced shallow creep landslide exhibited accelerated kinematic displace-

ment within the upper permafrost-margin sector, where the permafrost body likely im-

peded drainage and promoted shallow water accumulation, whereas deformation weak-

ened significantly downslope in the seasonally frozen ground sector. These results indi-

cate that permafrost continuity, localized taliks, and shallow hydrological conditions 

jointly control the spatial variability of freeze–thaw-related slope deformation, underscor-

ing that the permafrost degradation margin acts as a highly sensitive kinematic hotspot 

for thaw-induced slope instability under ongoing climate warming. 

Nevertheless, several limitations remain in this study. The investigation was based 

on two representative landslides and relied primarily on ERT and InSAR observations, 
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without long-term in situ hydrothermal monitoring. Consequently, the seasonal evolution 

of pore-water pressure, active-layer thickness, and subsurface thermal conditions could 

not be directly quantified. In addition, although ERT effectively revealed the spatial dis-

tribution of frozen and thawed materials, uncertainties remain regarding the precise ice 

content and thermal state of the subsurface layers. Future research should therefore com-

bine long-term ground temperature monitoring, hydrological observations, borehole in-

vestigations, and repeated geophysical surveys to better constrain the coupled hydro-

thermal–mechanical processes governing thaw-related slope deformation. Expanded 

UAV and InSAR monitoring across broader elevation gradients in the Qilian Mountains 

would further improve our understanding of how permafrost degradation controls the 

spatial evolution of alpine freeze–thaw-induced landslides under continued climate 

warming. 
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