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Retrogressive thaw slumps (RTSs) are significant thermokarst features in alpine permafrost
environments of Arctic regions and the Tibetan Plateau (QTP), China. These formations contribute
substantially to freeze-thaw erosion and organic carbon release, affecting regional ecological
dynamics. Despite their importance, geophysical evidence of freeze-thaw erosion in RTS
development areas remains limited due to challenging access and insufficient multi-methodological
analyses. This study presents a high-resolution geophysical investigation of RTS development in the
Beiluhe River Basin, QTP. Using a multi-methodological approach, we quantitatively assess freeze-
thaw erosion processes by characterizing lithostratigraphy, ground ice distribution, hydrogeological
properties, and deformation patterns across the RTS. Our findings reveal that freeze-thaw processes
and lateral thermal erosion from the headwall create significant heterogeneity in soil hydraulic
properties along the development direction, with an estimated total volume change of approximately
13,139 m3 in the studied area. These insights illuminate the complex freeze-thaw processes driving
RTS development and their ecological implications across the QTP.

Retrogressive thaw slumps (RTSs) represent one of the most dynamic and
visually striking manifestations of permafrost degradation in cold regions"”.
These thermokarst landforms develop when the thawing of ice-rich per-
mafrost initiates active layer detachment failure™*, creating distinctive
crescent-shaped depressions characterized by an actively retreating head-
wall and a liquefied slump floor’”. While RTSs have been extensively
documented across Arctic regions"*’ and increasingly on the Qinghai-Tibet
Plateau (QTP)*>'*", the quantitative assessment of their freeze-thaw erosion
processes remains limited, particularly in high-altitude permafrost
environments.

The significance of RTSs extends beyond their geomorphological
characteristics. They represent critical agents of landscape transformation
that influence multiple environmental systems simultaneously. First, RTSs
accelerate permafrost degradation through exposing previously insulated
ice-rich layers to direct atmospheric conditions, creating positive feedback
loops that can dramatically alter local thermal regimes™*™"*. Second, they
function as conduits for substantial sediment, nutrient, and carbon

mobilization, with direct implications for downstream aquatic
ecosystems'®"”. Third, the release of previously sequestered organic carbon
during RTS development may contribute to greenhouse gas emissions,
potentially creating additional climate feedback mechanisms'*™’.

On the QTP (Fig. 1), which contains the largest high-altitude perma-
frost region globally, RTSs have emerged as increasingly common features,
particularly in ice-rich permafrost zones'*'"*'. Recent authors’ studies have
documented approximately 2669 active RTSs across the QTP'**, indicating
the widespread nature of this disturbance mechanism. These features are
particularly concerning given that the QTP has experienced warming rates
approximately twice the global average over recent decades™ ™, making it
especially vulnerable to thermally-driven landscape changes.

While previous investigations have employed various approaches to
characterize thermokarst landforms—ranging from field observations™***’
to geophysical techniques™ "’ and remote sensing analyses’ ~°—few studies
have integrated multiple complementary methods to comprehensively
assess freeze-thaw erosion processes in RTSs development area.
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Fig. 1 | Location of the studied retrogressive thaw slump (RTS) on the Qinghai-
Tibet Plateau (QTP). a Spatial distribution of a permafrost and active RT'Ss on the QTP
based on the Interpreted Active RTSs Data” and the QTP Science Data Center for China,
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National Science & Technology Infrastructure; b the terrain map of the research region'”
(reproduced with permission, copyright 5991170235978, 2019); ¢, d the detail of the
studied RTS developed on the north slope of the Gerlama Hill in the Beiluhe River Basin.

Geophysical methods hold particular promise as non-destructive approa-
ches to characterize subsurface conditions**. Electrical resistivity tomo-
graphy (ERT) has effectively mapped ground ice distribution and
permafrost conditions®”*. Ground penetrating radar (GPR) has demon-
strated utility in delineating active layer thickness and subsurface
structures” ™. Nuclear magnetic resonance (NMR) provides valuable
insights into unfrozen water content and soil hydraulic properties*>*.
Meanwhile, high-resolution surface models derived from unmanned aerial
vehicle (UAV) photogrammetry and terrestrial laser scanning (TLS) enable
precise quantification of volumetric changes and headwall retreat rates™.

The integration of these complementary techniques offers a powerful
approach to characterize RTS dynamics comprehensively. However, such
integrated studies remain rare, particularly in the challenging field condi-
tions of the QTP. Additionally, while these methods have proven valuable
individually, their coordinated application specifically to quantify freeze-
thaw erosion processes in RTSs represents a novel methodological approach
with significant potential to advance our understanding of these thermo-
karst landforms.

This study seeks to refine and expand existing frameworks by
employing a systematic, multi-methodological, and high-resolution inves-
tigation of a representative RTS in the Beiluhe River Region (BLH) of the
QTP (Fig. 1). Specifically, we aim to: (1) characterize the lithostratigraphy
and ground ice distribution within and surrounding the RTS; (2) assess the
hydrogeological properties across the RTS development zone; and (3)
quantify the deformation and volumetric changes associated with RTS
evolution. By integrating drilling data with ERT, GPR, NMR, and high-

resolution topographic measurements from UAV photogrammetry and
TLS, we provide insights into the freeze-thaw erosion processes driving RTS
development in this region. The findings from this study not only enhance
our mechanistic understanding of RTS dynamics on the QTP but also
establish a methodological framework for future evaluations of
thermokarst-induced landscape changes across permafrost regions globally.

Results

Based on a combined investigation using in situ geophysical detection and
TLS-UAV scanning measurements, a comprehensive assessment was
conducted on the soil hydraulic properties, soil stratigraphy, and the spatial
distribution of ground ice in development area of the Gu-hill RTS. The aim
was to qualitatively analyze the soil freeze-thaw erosion characteristics and
thermal disturbances during the development and evolution of typical RTSs,
providing geophysical evidence and quantitatively estimating deformation
and volumetric changes throughout the development process. This assess-
ment reflects soil erosion due to freeze-thaw erosion. The research findings
also provide a basis and validation for numerical simulation studies on the
development and evolution of RTSs.

Soil hydraulic conductivity and hydrological changes in the
active layer

Understanding the hydraulic properties of soil near the active layer and
the permafrost table (2-3 m below the permafrost table) is essential for
investigating moisture migration processes during the development and
evolution of RTSs. Figure 2 presents the distribution of log;(T, and the
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Fig. 2 | Inversion results from surface NMR sounding in the Gu-hill RTS. a-c Decay time and water content distribution for boreholes B1 to B3; d-funfrozen water content

distribution.

variation in water content within the 0-7 m depth range below the
surface at three boreholes (B1-B3) located on the eastern side of the Gu-
hill RTS area (aligned along the north-south direction, as shown in Fig.
10a). As shown in Fig. 2a, ¢, the T, time distribution with borehole depth,
depicted by alternating light and dark patterns, indicates changes in
water content. Brighter areas correspond to higher water content at those
depths. In borehole B1 (Fig. 2a), within the 0-1.8 m depth range, the
higher energy on the left side of the X-axis at log; T, = -3 indicates small
pore water, while fluctuations in water content on the right side at
log;oT, = -1 represent large pore water. Below a depth of 2 m, only small
pore water is observed. In borehole B2 (Fig. 2b), when log;(T, ranges
from -2.5 to -1, the water content is significantly higher than in the other
two boreholes, indicating large pore water. This could be due to borehole
B2’s proximity to the landslide area, where soil freeze-thaw erosion and
thermal disturbances from the Gu-hill RTS have altered the unfrozen
water content distribution. Borehole B3 mainly contains small pore
water, with large pore water distribution observed only within the
0-2.8 m depth range. This suggests that ground ice is more prone to
melting near the headwall.

As shown in Fig. 2d-f, the water content in the active layer soil
(0-2.2 m) generally increases initially and then decreases. The depths at
which the highest water content occurs in the three boreholes are 0.5 m,
1.4 m, and 1.2 m below the surface, with corresponding water contents of
17.8%, 21.6%, and 18.2%, respectively. The locations of boreholes B2 and B3
correspond to the landslide area, where soil freeze-thaw erosion caused by
the slump has led to the migration of fine particles in the 0-1 m depth range,
resulting in significant mudflow material on the slump surface. This
accelerates moisture migration downward during the thawing season,
leading to relatively high water content at 1 m below the surface in these two
boreholes. Additionally, the active layer soil in borehole B2 exhibits higher
free water content, distributed throughout the entire borehole. This may be
due to water supply from both precipitation and the melting of ground ice,
as borehole B2 is closer to headwall.

Within the 2.5 m range below the permafrost table, the measured water
content represents the unfrozen water content of permafrost, ranging from
approximately 4.8% to 8%, due to the presence of massive ground ice or
ice-rich permafrost. As the depth increases and the ice-rich permafrost
transitions to ice-poor permafrost, the soil water content gradually
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Fig. 3 | Soil permeability coefficients and stratigraphic distribution of boreholes B1 to B3 near the Gu-hill RTS. a Borehole B1; b borehole B2; ¢ borehole B3.

increases, with unfrozen water content exceeding 10%. The unfrozen water
contents in the massive ground ice and ice-rich permafrost depth ranges for
the three boreholes are 3.5-5%, 5-7.2%, and 5.2-7.4%, corresponding to
depths of 2.2-4.6 m, 2.6-3.8 m, and 2.9-4.1 m below the surface, respec-
tively. Soil freeze-thaw erosion and lateral thermal erosion induced by the
RTS development have prolonged the recovery time of permafrost and
weakened the ice segregation process. By comparing the field-measured
water content (Fig. 12¢) with the NMR-inverted water content (Fig. 2), the
NMR-measured water content in the active layer soil is slightly lower than
the field-measured values, showing good consistency. In the permafrost
layer, this water content reflects the unfrozen water content under current
ground temperature conditions (approximately -1.52°C in the perma-
frost layer).

In the active layer soil, alpine grass roots are predominantly distributed
within 0.5 m below the surface. The soil structure is relatively loose due to
the presence of fine sand and organic matter, especially at the surface, where
the high organic matter content results in a larger soil permeability coeffi-
cient. As illustrated in Fig. 3 all three boreholes exhibit relatively high soil
permeability coefficients, ranging from approximately 0.5 to 1.04 m/d. The
distribution of silty clay in the study area generally spans the 1.0 to 2.5 m
depth range, except for borehole B2, where fine sand with minor inclusions
of clay and gravel is primarily found within the 1.2 to 1.8 m range. Conse-
quently, a relatively high permeability coefficient is observed, reaching a
maximum of 0.1 m/d at 1.2 m depth. Below 2.5 m, the presence of thick
subsurface ice or ice-rich permafrost results in a decreased permeability
coefficient, ranging from approximately 0.01 to 0.001 m/d.

Ground ice distribution and ablation characteristics

Figure 4 presents the interpreted results of the geophysical survey profile G1
(see Fig. 10a), corresponding to the three boreholes on the eastern side of the
Gu-hill RTS. The inversion and iterative results of the resistivity model (Fig.
4a) indicate that the active layer is approximately 2.5 m, with resistivity
values ranging from about 100 to 1000 Om within this depth. The resistivity
of the active layer exhibits some fluctuations due to variations in soil
moisture content: in the area near borehole B3 (along the survey line from
125 to 175 m), resistivity values are lower, less than 200 Qm. In the sections
along the survey line from 20 to 58 m and 60 to 146 m, the resistivity values
in the depth range of 2.5 to 7.5 m below the surface are relatively high,
approximately 6000 to 20,000 Qm, which can be interpreted as massive
ground ice or ice-rich permafrost. Between 0 and 155 m along survey line
G1, the presence of unfrozen water within the massive ground ice results in
stronger radar signal amplitudes and discontinuous isophase reflections,
manifesting as diffraction curves (Fig. 4b, c). The high resistivity values of
the massive ground ice enhance the radar signal strength. As depth
increases, resistivity gradually decreases, with values ranging from
approximately 40 to 500 Qm at depths exceeding 7.5 m. Within this depth

range, radar reflection signal amplitudes are observed to be weaker and
waveforms more uniform, though occasional sharp peaks are detected
between 7.5 to 9 meters. Borehole data (Fig. 12b) suggests that this interval
can be interpreted as densely weathered mudstone containing minor gravel
or ice crystals. Additionally, when the survey line distance surpasses 155 m,
the resistivity values diminish by 2 to 3 orders of magnitude in comparison
to the first 150 m of the profile, where resistivity values are approximately
600 to 1500 Om.

Understanding the distribution of ground ice behind the headwall of
the Gu-hill RTS (south of the headwall) is crucial for analyzing the future
development and freeze-thaw erosion of RSTs. Figure 5 presents the
interpreted results of the ERT and GPR geophysical surveys at a location
approximately 2.5 m from the edge of the Gu-hill RTS headwall, along
profile G2. The resistivity model (Fig. 5a) indicates high resistivity values,
approximately 4000 to 20,000 Qm, at 0-50 m and 150-190 m along the
survey line (east-west direction). In contrast, the resistivity values at
50-150 m are relatively low, ranging from 1000 to 3500 Qm. The high
resistivity values suggest the presence of massive ground ice layers,
approximately 5 to 8 m thick, on the southern side of headwall. The
ground ice on the eastern side of the Gu-hill RTS are thicker and contain
higher ice content, with an estimated ice content of approximately 68%,
based on similar findings in the Canadian permafrost region”. The GPR
survey interpretation results (Fig. 5b) show strong discontinuities in the
isophase reflections within the 0-60 m and 155-185 m ranges, indicating
the presence of massive ground ice containing unfrozen water at depths
of 1.9 to 9 m. In contrast, the radar signal amplitude is relatively weak
within the 60-155 m range along the survey line. This distribution pat-
tern suggests that the survey line at 50-155 m is closer to the edge of the
headwall, where ground ice has melted, potentially leaving coarse debris
deposits or residual ground ice. These findings confirm that thermal
disturbances and freeze-thaw erosion are more intense in this area,
resulting in greater retreat distances of the headwall. The integrated
geophysical survey results indicate the distribution of massive ground ice
or ice-rich permafrost along the survey line as follows: at 0-50 m, the
thickness ranges from approximately 2 to 10 m; from 50 to 155 m, the
thickness varies between 2.5 and 6.5 m; and from 155 to 190 m, the
thickness spans approximately 2.1 to 8.5 m.

Quantitatively assessment of soil erosion

To quantitatively estimate soil erosion in the Gu-hill RTS, primarily man-
ifested as deformation and volumetric changes, this study utilized multi-
temporal deformation investigation methods to construct high-resolution
orthophotos, digital elevation models (DEMs), and Triangular Irregular
Network (TIN) models. A comparative analysis was conducted on the
changes in the outer contours and TIN grid coordinates of the Gu-hill RTS
development area between 2021 and 2022.
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Fig. 4| Geophysical survey interpretation profiles of the Gu-hill RTS area. a Interpretation profile from ERT; b interpretation profile from 300 MHz GPR; c interpretation

profile from 70 MHz GPR.

Figure 6 illustrates the deformation and volumetric changes in the Gu-
hill RTS between 2021 and 2022, including the retreat displacement of the
headwall, ground deformation within the slump area and its adjacent
impact zones, and volumetric changes during the evolution process (pri-
marily manifested as soil erosion). The blue and light yellow contour lines
represent the outer boundaries of the slump area in September 2021 and
August 2022, respectively (Fig. 6b).

Through the overlay analysis of the scan data, vertical deformation and
the retreat deformation of the headwall in the affected area of the Gu-hill
RTS were calculated between the two scans (Fig. 6a). Negative values in the
Fig. 6 indicate erosion and thaw settlement in the development area,
representing ground deformation caused by semi-circular or free-fall
motion (active layer detachment) of the thawed slump materials, followed
by sliding or flowing towards the front edge. Positive values represent
uplifted areas within the slump region, indicating accumulated slump
material after sliding.

During the interval between the two scans, the headwall area on the
southwest side of the Gu-hill RTS exhibited significant retreat and ground
subsidence deformation. The overlay analysis of multi-temporal investiga-
tion indicates that the “branches” of the headwall in the southeastern and
southwestern parts of the slump area experienced relatively large retreat
displacements, measuring 7.8 m and 8.5 m, respectively. The maximum
ground subsidence occurred at the bottom of the headwall on the southwest

side, measuring approximately 3.5 m. The higher deformation at the top of
the headwall reflects active layer detachment failure.

To more intuitively reflect the volumetric changes in the Gu-hill RTS
development area, a comparison of the high-density point cloud data from
the TLS scans over time was conducted. The occurrence of active layer
detachment at the headwall resulted in the expansion of development area.
As the thawed materials slid along the sliding surface of the headwall, most
of it eventually settled in the “scar” area of the Gu-hill RTS, while the
remaining material continued to flow. A comparative analysis of the two
survey results indicates that the total volumetric change in the development
area between September 2021 and August 2022 was approximately
13,139 m’. Of this, approximately 11,801 m’ of slump material remained in
the “scar” area of the Gu-hill RTS.

Impact of climate change on RTS evolution

The formation and progressive of RTSs are closely linked to the ongoing
warming and humidification trends observed during the thawing sea-
son. Extreme high temperatures and intense precipitation events during
this period accelerate the movement of the thawing front from the
surface toward the permafrost table. This thermal disturbance affects
the soil layers near the permafrost table, causing the basal soil layer of
the active layer to melt. Consequently, infiltrating groundwater accu-
mulates at the interface of the ice-rich permafrost layer, generating
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Fig. 5 | Geophysical survey interpretation profiles of the southern side on headwall of the Gu-hill RTS. a Interpretation profile from ERT; b interpretation profile from

300 MHz GPR; ¢ interpretation profile from 70 MHz GPR.

Fig. 6 | Spatiotemporal monitoring of the Gu-hill RTS using terrestrial laser scanning (TLS) and unmanned aerial vehicle (UAV). a Surface deformation; b headwall

retrogression.

elevated pore water pressure. This pressure reduction at the interface
facilitates active layer detachment. Furthermore, recurrent high tem-
peratures and precipitation events during successive thawing seasons
exacerbate the melting of exposed ground ice at the RTS headwall,

promoting the continuous development and expansion of the slump. To
quantify the retreat of the Gu-hill RTS, high-resolution point cloud data
collected through the TLS-UAV method were utilized to delineate the
slump boundaries from 2021 to 2024 (Fig. 7). During the 2023 field
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Fig. 7 | Sequence of delineated Gu-hill RTS
boundary from multi-UAYV datas showing the
RTS expansion during the observation periods.
The base image is a UAV-based orthophoto of the
Gu-hill RTS and the surrounding area on

August, 2024.
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Fig. 8 | Monthly averages of temperature, precipitation, headwall retreat, and
volumetric change of Gu-hill RTS in the study area. a Monthly average tem-
perature (from 2009 to 2023); b monthly precipitation (from 2009 to 2023); ¢ time
series headwall retreats and d volumetric changes of two sites (A, B) from Fig. 7. (In

a, the short solid lines represent the standard deviation of the monthly average
temperature from 2009 to 2022, while the gray shading indicates the standard
deviation for the 2016 and 2023 average values.).

season, an unanticipated and significant mass-wasting event was
observed on the eastern flank of the posterior wall of the Gu-hill RTS.
The measured retrogressive displacement in 2023 was approximately
60 m eastward from the headwall, resulting in substantial sediment
mobilization. A similar displacement of around 30 m was recorded on
the western side of the headwall. This pronounced retreat, coupled with
mass-wasting events, highlights the strong interplay between ground

ice ablation and climate variations, underscoring the critical role of
climate change in driving the evolution of RTSs.

Figure 8a, b illustrates the changes in monthly average temperature and
precipitation in the study area between 2009 and 2023. A comparison of the
2016 data with the 15-year average reveals that the temperatures in 2016
were notably higher than those observed from 2009 to 2022. Specifically,
from June to September 2016, temperatures surpassed the 14-year average
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by 0.6 to 1°C. This period coincided with a significant detachment and
instability of the active layer. Following this event, elevated precipitation
levels persisted for two consecutive years (2017 and 2018) (Fig. 8b), further
enhancing the freeze-thaw erosion process. From 2009 to 2023, the climate
data demonstrate a clear warming trend, with particularly pronounced
temperature increases during the summer months (Fig. 8). These climate
shifts, in combination with heightened precipitation, have likely accelerated
the degradation of ice-rich permafrost, fostering more frequent and severe
retrogressive thaw slump (RTS) activity. The large-scale retreat observed in
2023 aligns with these climate anomalies, particularly the higher-than-
average temperatures and increased precipitation levels. Notably, Fig. 8¢, d
provides a quantitative assessment of this phenomenon, showing the retreat
of the RTS headwall and volumetric changes from 2021 to 2024, with the
most significant displacements and mass-wasting events occurring during
the 2023 field season. The increased retreat and volume changes in 2023 can
be directly attributed to the elevated ground temperatures and the heigh-
tened hydrological disturbance observed during the year, reinforcing the
hypothesis that RTS evolution is increasingly driven by the interaction of
ground ice ablation and climate-induced thermal and hydrological
disturbances.

The combination of extreme high temperatures during the thawing
season and sudden increases in rainfall further accelerated the development
and evolution of RTSs. Anomalously high temperatures have contributed to
the deepening of the active layer and a reduction in ground ice content at the
top of the permafrost, signaling ongoing permafrost degradation. Con-
currently, infiltration of rainwater has facilitated the transfer of heat to the
upper permafrost layer, promoting the melting of ground ice within the ice-
rich transient layer. This process induces a buildup of pore water pressure at
the interface between the active layer and the permafrost, leading to active
layer detachment. The rise in temperatures, coupled with increased rainfall
events during the thawing season, has thus accelerated both the melting of
ground ice and the retreat of RTS headwalls, resulting in the expansion of
affected areas and consequently intensifying the occurrence of freeze-thaw

erosion processes™”’.

Freeze-thaw erosion processes in RTS development

This study focuses on the Gu-hill RTS located in the BLH River Basin of the
QTP, which is primarily induced by active layer detachment. The Gu-hill
RTS manifests on gentle slopes with gradients ranging from 5° to 9°,
representative of numerous RTSs on the Qinghai-Tibet Plateau (QTP) in
terms of dimensional parameters and morphological characteristics, typi-
cally comprising high-density, fine-grained soils and sediments. These
characteristics enhance groundwater retention within the soil, increasing
the water content in the upper permafrost layer and promoting ice segre-
gation. Consequently, this results in the formation of massive ground ice
layers in the region.

Through a multi-method integrated investigation, this study demon-
strates that during the thawing season, groundwater continuously accu-
mulates in the active layer of the Gu-hill RTS development zone. This
accumulation leads to increased pore water pressure within the active layer,
which reduces friction between the active layer and the underlying per-
mafrost table. As a result, the shear strength at the interface between the
active layer and permafrost diminishes, facilitating the detachment of the
active layer in this gentle slope region. While the Gu-hill RTS area is larger
than the average RTS development zone across the plateau, its key char-
acteristics—such as the steep frozen rear walls and the accumulation of
mudflow material—are representative of the freeze-thaw erosion processes
observed in RTSs throughout the plateau. The observed differences in RTS
development areas can largely be attributed to variations in ground ice
conditions; however, the underlying mechanisms driving the development
and evolution of these systems remain consistent across the region. The
primary cause of RTS formation in this area is the inadequate drainage or
percolation of meltwater from the ground ice. This leads to a reduction in
shear strength at the interface between the active layer and the ground ice,
eventually triggering the detachment and instability of the active layer soil.

Following the detachment of the active layer, the exposure and further
melting of ground ice at the RTS headwall facilitate the downslope move-
ment of melted slump material and meltwater sediments.

In general, the QTP is highly susceptible to RTS-induced freeze-
thaw erosion, a process characterized by the melting of ground ice, mass
wasting, and significant soil erosion. The developmental characteristics
and conditions of RTSs in this region are influenced by an intricate
interplay of environmental and climate factors, including ground ice
content, active layer dynamics, and seasonal thawing patterns. The
freeze-thaw erosion process begins with the melting of ground ice, which
produces a slurry of water and sediment highly prone to mass wasting.
The meltwater, generated by the thawing ground ice, exacerbates the
erosion process by lubricating the soil and promoting its downslope
movement. Concurrently, thaw-induced mass wasting involves the
downslope movement of large quantities of thawed, saturated soil and
debris, driven by gravitational forces. This results in significant soil
displacement and landscape alteration. The accumulation of melted
slump material and meltwater sediments at the slump’s base further
contributes to instability, perpetuating the evolution of the RTS. The
detachment and subsequent movement of the active layer result in the
displacement of substantial volumes of soil, leading to the loss of ter-
restrial habitat and alterations in local hydrological systems. Addition-
ally, this erosion process can increase sediment loads in nearby water
bodies, thereby impacting water quality and aquatic ecosystems.

Discussion

Through extensive field investigations, borehole drilling, and geophysical
surveys conducted by our research team in recent years in the BLH River
Basin, we have observed that most RTSs in the permafrost regions of the
QTP are predominantly triggered by active layer detachment. These freeze-
thaw erosion processes have a profound impact on the ecological envir-
onment of the QTP, with significant soil erosion as a primary manifestation.
Moreover, the development and evolution of RTSs are influenced not only
by topographical features but also by the permafrost conditions in the
region, including the hydrological dynamics of the active layer and the
spatial distribution of ground ice. The ongoing warming and increasing
humidity across the plateau have further exacerbated the formation and
expansion of RTSs.

Building upon the established correlations between climate vari-
ables and RTS volumetric changes presented in Impact of Climate
Change on RTS Evolution, we can now elaborate on the specific perma-
frost response mechanisms that mediate these climate-erosion rela-
tionships. Over the past decade, the QTP has experienced five major
responses in permafrost dynamics that directly contribute to freeze-thaw
erosion processes: permafrost degradation, active layer deepening,
ground ice melting, increased pore water pressure, and reduced soil shear
strength”. These mechanisms explain how the climate warming trends
and precipitation patterns quantified earlier translate into the observed
accelerated erosion rates across the plateau. Collectively, these processes
have triggered a significant increase in RTS activity across the plateau.
Notably, this surge has not been uniform across years; rather, it has been
concentrated during periods of intensified climate warming and
increased humidity.

Through our multi-methodological investigation of the Gu-hill RTS,
we have quantified how these permafrost responses manifest in measurable
erosion impacts. Our geophysical analysis has delineated key stratigraphic
features, soil hydraulic properties, unfrozen water content, and ground ice
distribution that control freeze-thaw erosion susceptibility in a typical RTS
development area. Active layer detachment emerges as the primary
mechanism initiating freeze-thaw erosion, with ground ice at the RTS
headwall playing a critical role. As ground ice at the RTS headwall continues
to thaw, the soil at the headwall undergoes further destabilization, leading to
free-fall or semi-circular motion along the slump surface. This movement
drives the downslope sliding and flow of collapsed ground ice and meltwater
sediments.
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The geophysical approach demonstrated in this study provides
quantitative evidence for assessing freeze-thaw erosion processes associated
with RTS development. By connecting the five permafrost response
mechanisms to specific erosional outcomes, our findings contribute
essential data for understanding thermokarst-induced soil erosion and
enhance our capacity to evaluate climate-driven erosion hazards in per-
mafrost regions across the QTP and similar environments globally.

Notwithstanding the significant contributions to understanding RTS-
related freeze-thaw erosion processes, this investigation is subject to several
methodological constraints. Our site selection was based on statistical
analysis of 2669 active RTS across the QTP, from which we selected a single
representative RTS for comprehensive geophysical investigation. Although
this approach yielded significant quantitative data, the influence of localized
developmental factors limits direct extrapolation of our findings to the
entire plateau. The quantification of RTS volume changes, critical for
assessing soil erosion under freeze-thaw processes, was conducted using
TLS-UAYV surveys during the thawing seasons (August or September) from
2021 to 2024. However, our study lacks detailed analysis of complete life-
cycle changes within individual thawing seasons, which would provide more
granular insights into freeze-thaw erosion dynamics.

Despite these constraints, our methodology offers a novel approach for
quantitatively assessing freeze-thaw erosion processes associated with RTS
on the QTP and serves as a valuable reference for similar research in other
permafrost regions. Nevertheless, the current approach is impractical for
quantifying freeze-thaw erosion across the entire QTP, as regional-scale
assessment requires more efficient methodologies. To address these lim-
itations, future research will focus on integrating comprehensive geophy-
sical data with remote sensing method to develop more practical estimation
models for freeze-thaw erosion in permafrost regions. Through extensive
remote sensing data analysis, researchers can more efficiently and accurately
estimate the freeze-thaw erosion effects of RTS across larger geographical
areas. This methodological integration would significantly advance our
scientific understanding of climate-permafrost interactions on the QTP and
analogous high-altitude ecosystems where RTS proliferation constitutes a
critical indicator of cryospheric response to warming trends.

Overall, this study presented a comprehensive geophysical investiga-
tion of freeze-thaw erosion processes associated with RTS development on
the QTP. Through the integration of multiple complementary methodol-
ogies—including drilling, NMR, GPR, ERT, UAV photogrammetry, and
TLS—we characterized the internal structure, hydrological properties, and
volumetric changes of a representative RTS in the BLH River Basin. This
multi-methodological approach enabled us to quantitatively assess freeze-
thaw erosion processes and provided valuable geophysical evidence for
understanding the environmental implications of RTS development. Our
findings elucidate several key aspects of RTS dynamics in this region.

The integration of drilling, NMR, GPR, and ERT measurements
revealed the complex internal structure of the RTS, including the distribu-
tion of ground ice, active layer properties, and lithological characteristics.
This integrated approach proved effective for characterizing the subsurface
conditions that control RTS development. Furthermore, soil hydraulic
properties exhibit significant spatial heterogeneity across the RTS, with
permeability coefficients ranging from 0.5-1.04 md™" in the near-surface
(0-0.5m depth), decreasing to approximately 0.1 md™" at intermediate
depths (0.5-2.5 m), and further reducing to 0.01-0.001 m d " below 2.5 m
where ice-rich permafrost predominates. These patterns indicate how
freeze-thaw processes and lateral thermal erosion create distinct hydro-
logical zones that influence material transport and RTS evolution.

NMR-Dart logging demonstrated that unfrozen water content within
active layer soils initially increases with depth before decreasing at the
permafrost table. The presence of organic matter in shallow soils appears to
promote water movement in the upper active layer, facilitating the transport
of thawed material. The heterogeneity in soil hydraulic properties along the
RTS development direction may extend permafrost recovery time and
weaken ice segregation processes. Additionally, quantitative analysis of TLS-
UAV survey data between 2021 and 2022 documented maximum headwall

retreat rates of 7.8 m and 8.5m in the southeastern and southwestern
portions of the RTS, respectively. The total volumetric change during this
period was approximately 13,139 m’, with about 11,801 m’ of slump
material remaining within the RTS development area.

These data and analyses advance our understanding of RTS-induced
freeze-thaw erosion on the QTP by providing detailed geophysical evidence
and quantitative measurements. The methodological approach developed
here offers a valuable framework for future investigations of thermokarst
landforms in permafrost regions. While our findings are based on a single
representative RTS, they provide important insights into the mechanisms
driving RTS development and associated environmental changes that can
inform broader assessments of permafrost degradation impacts across the
QTP and similar high-altitude permafrost regions globally.

Methods

Spatial distribution characteristics of RTSs in the QTP

The QTP represents a prominent region where ice-rich permafrost is
notably prevalent within the boundaries of China (Fig. 1a)*. Regarding
elevation, the QTP characterized by an average elevation exceeding 4000 m,
extends geographically from the Himalayas in the southern reaches to the
Kunlun-Qilian Mountains in the north (longitude 73°18'52”E to 104°46/
59”E) and spans from the Pamirs in the western sector to the Hengduan
Mountains in the east (latitude 26°00'12”N to 39°46/50"N)**"". Geomor-
phologically, the terrestrial landscapes within the hinterland of the QTP
predominantly consist of alpine meadows and alpine deserts*’. Regarding
climate considerations, over the past 50 years, the rate of temperature
increase on the plateau has been approximately 0.3 to 0.4 °C/10a, resulting
in a total warming of approximately 1.8 to 2.0 °C***. Additionally, the total
precipitation on the plateau has increased by approximately 20 to 120 mm,
indicating an overall trend towards warmer and wetter conditions™*.

Due to its unique geological and climate features, combined with its
high-altitude setting, the QTP harbors a permafrost area estimated at
approximately 1.06 million km’, representing over half of the global high-
altitude permafrost extent’ . Permafrost on the QTP is characterized by
significant ice content, a feature corroborated by field monitoring indicating
that ground ice levels are primarily influenced by soil moisture availability,
slope orientation, and fine-particle composition™. Analysis of data from 164
boreholes reveals a geographical gradient across the QTP*, with ground ice
content increasing from east to west and from south to north. The areas of
high ice-rich permafrost are notably situated in the Hoh Xil and Western
Kunlun regions. In addition, the permafrost in the QTP, the active layer
thickness typically ranges from 1 to 4 m, with an average thickness of
approximately 2.2m*. Field monitoring data indicate that along the
Qinghai-Tibet engineering corridor, the rate of increase in active layer
thickness is approximately 2.2 cm/a™. As ground temperatures continue to
rise, resulting in deepening active layers, permafrost degradation intensifies,
contributing to the widespread development of thermokarst occurrences in
ice-rich permafrost areas of the QTP''. However, frequent RTSs represent
the predominant thermokarst processes influencing inclined landscapes in
this region'"”.

Through several field surveys and the manual interpretation of high-
resolution remote sensing data obtained from the Gaofen-1 and Gaofen-2
satellites, Fig. 1 depicts the discovery of 2669 active RTSs in the permafrost
regions of the QTP as of the year 20217, Based on statistical analysis, these
RTSs areas exhibit varying developmental sizes ranging from 0.02 to 20 ha,
with an average area of approximately 1.44 ha. The average perimeter of
RTSs is around 600 m, ranging from 57 to 4850 m. As illustrated in Fig. 9a,
RTSs of smaller developmental extent (area <1 ha) exhibit the broadest
distribution and greatest abundance across the entire plateau, notably sur-
passing those with areas greater than 1 ha. Among these, the most densely
populated region is observed in the BLH River Basin (Fig. 1b), where over
780 active RTSs have been identified". Correspondingly, approximately
87% of RTSs across the plateau have a perimeter of less than 1 km (Fig. 9b).
Similarly, these smaller-scale features (perimeter <1 km) are concentrated
prominently in the BLH River Basin. In addition, based on statistical data
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Fig. 9 | Spatial distribution characteristics of active retrogressive thaw slumps on the QTP. a Area distribution of all active RTSs; b perimeter distribution of all active
RTSs; ¢ slope distribution in regions of RTS development across different slope aspects; d elevation distribution in regions of RTS development across different slope aspects.

compiled up to 2021, the cumulative area affected by active RTSs on the
QTP constitutes 0.00363% of the total permafrost area. This finding aligns
closely with conclusions reported by Lewkowicz et al. in Arctic regions™.

Particularly, the spatial distribution of RTSs is strongly influenced by
topographical factors such as elevation, slope, and aspect. Based on statistical
analyses of RTSs aspect distribution (Fig. 9¢, d), although RTSs occur across
all aspects of the plateau, these predominantly develop on north-facing
slopes with lower solar radiation (primarily concentrated on north, n = 491;
northeast, n = 578; northwest, n = 422). However, another significant spatial
characteristic of RTSs indicate that regardless of aspect, these RTSs are
primarily located between 4600 m to 5100 m elevation (Fig. 9d) and on
gentle slopes ranging from 3° to 8° (Fig. 9¢c). These topographical parameters
constitute critical scientific criteria for identifying representative RTS for-
mations across the QTP. Therefore, considering these spatial patterns of
these RTSs across the entire QTP, this study selected the BLH River Basin as
the study area due to its comparatively dense distribution of RTS features
that exemplify the typical morphological and dimensional characteristics
observed plateau-wide.

Study area description and representativeness of Gu-hill RTS

This study examines a representative RTS formation (Fig. 1), situated in the
northern Beiluhe River Basin on the QTP (34°52’55”N, 92°56°17”E) near the
north-facing slopes of Gerlama Mountain (34°50’49”N, 92°54'12”E). Due to
its prominence in the surrounding flat terrain, this mountain is colloquially
known as “Gu Hill”. This RTS, located at the base of the northern slope of
Gerlama Mountain and referred to as the Gu-hill RTS, was selected based on
rigorous scientific criteria derived from our comprehensive statistical

analysis of all 2669 active RTSs across the QTP*". The Gu-hill RTS
exemplifies the predominant characteristics observed in RTSs across the
plateau in several critical aspects:

Topographical setting. Located on a north-facing slope with a gradient
of 5° to 9°, the Gu-hill RTS falls within the most common slope range (3°
to 8°) and aspect (north-facing) where RTSs develop across the QTP as
demonstrated in our statistical analysis (Fig. 9¢, d).

Elevation. Situated at approximately 4750 m above sea level, the Gu-hill
RTS lies within the elevation band (4600-5100 m) where the majority of
RTSs across the QTP are found.

Morphological features. The Gu-hill RTS exhibits the classic crescent-
shaped morphology with a steep headwall and liquefied slump floor
characteristic of active RTSs across the plateau.

Development timeline
Analysis of historical remote sensing data indicates that the Gu-hill RTS
occurred prior to 2016, providing sufficient temporal context to study its
developmental trajectory.

While the Gu-hill RTS, with an area of approximately 3.2 ha, is larger
than the average RTS on the QTP (1.44 ha), its larger dimensions enable
more comprehensive geophysical investigations while still maintaining the
essential morphological and developmental characteristics representative of
RTSs across the plateau. Its increased size provides an advantageous setting
for deploying multiple geophysical methods simultaneously, allowing for
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more detailed characterization of freeze-thaw erosion processes that are
fundamentally similar to those occurring in smaller RTSs.

The study area lies within a continuous permafrost zone (Fig. 1),
characterized by sparse alpine meadows and deposits of fine sand and
gravel. The geological strata range from surface to bedrock, comprising
primarily gravel, silty clay, sandstone, and weathered mud stone”. The
overall thickness of the active layer in the region ranges from 1.5 m to 3 m,
while the underlying thickness of perennially frozen ground varies from 2 m
to 3 m, with a subsurface ice content of approximately 39.4%". Recent field
surveys, analysis of historical meteorological and remote sensing data reveal
the development of numerous thermokarst landforms capable of inducing
significant geomorphic changes, such as RTSs, thaw subsidence, and ther-
mokarst lakes. The region experiences an average annual temperature of
about —3.28 °C and an average annual precipitation of 366 mm (1990 to
2021), with the majority of precipitation occurring between May and
August. The average annual evaporation is 1316.9 mm".

To investigate freeze-thaw erosion processes through the spatial dis-
tribution of thick ground ice, high ice-content permafrost, and the per-
mafrost table in areas affected by the selected RTS, this study employed the
Advanced Geosciences Inc. AGI Supersting R8 resistivity testing system,
supplemented by a dual-frequency GPR operating at 70 MHz and
300 MHz. Two measurement lines, designated as G1 and G2, were estab-
lished within the RTS development region. Measurement line G1 was
oriented in a north-south direction, while measurement line G2 was
approximately perpendicular to it, oriented in an east-west direction
(Fig. 10). GPR and ERT were utilized to conduct scanning along each
geophysical measurement line (Fig. 10b-e).

To facilitate a more comprehensive interpretation of freeze-thaw
erosion processes through geophysical detection data, three boreholes,
named B1-B3, were drilled along the north-south measurement line, with
each borehole reaching a depth of 10-15 m. Utilizing Nuclear Magnetic
Resonance (NMR) technology based on borehole exploration, in situ
measurements of soil moisture content and hydraulic parameters such as

soil permeability were conducted using a Dart soil moisture system sensor
(Vista Clara, Inc., USA). These measurements provide critical insights into
how freeze-thaw cycles alter soil hydrogeological properties and contribute
to erosion processes.

Core sampling and core analysis

Toward time-series high-resolution deformation graphic information
around the studied RTS, TLS and UAV photogrammetry were applied to
monitor the thermokarst landforms from September 2021 through Sep-
tember 2022. Based on TLS-UAYV investigation™***, the current survey (as
of 2022) indicates that the length of the Gu-hill RTS (Fig. 11), from the
headscarp to the displaced area (excluding the northwest mudflow), ranges
between approximately 305 m and 324.5m, with a maximum width of
about 183 m occurring near the base of the headscarp. The total disturbed
area of the slump is 46,821.3 m’, with an estimated total material dis-
placement of 81,621 m’. The headscarp, a steep frozen back scarp, of the Gu-
hill RT'S (Fig. 11b) is situated at an elevation of approximately 4705 m. This
RTS development area extends in a north-south direction with an overall
slope gradient of about 8.5° in the affected area. The Gu-hill RTS was chosen
for study due to its significant scale (the area is 4.7 ha and perimeter is
1.4 km) and relatively recent formation (about 2016). And Fig. 1 illustrates
the precise geographical location and aerial view of the Gu-hill RTS.

The surface of the area affected by the landslide is primarily covered by
alpine meadows, with a coverage rate of approximately 6 to 19%. Based on
borehole exploration and logging information 2.2 meters east of the slump
scarp, the soil stratification beneath the slump scarp is depicted in Fig. 12.
The layers are as follows (Fig. 12b): from 0 to 0.9 meters, there is loose
reddish-brown fine sand with scattered flaky gravel, with the initial water
table at 0.9 m, from 0.9 to 2.6 meters, there is relatively dense reddish-brown
clay, which is plastic and contains fine sand and gravel, with the initial
appearance of ice crystals at 2.1 to 2.3 m, from 2.6 to 6.8 m, there is massive
ground ice, with an ice content of approximately 62 to 86%, from 6.8 to
7.6 m, there is reddish-brown clay with a 2 cm thick ice layer, initially
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identified as low-ice permafrost, from 7.6 to 15 m, there is reddish-brown
heavily weathered mudstone.

The presence of massive ground ice and high ice content permafrost
provides substantial material conditions for the development and evolution
of the Gu-hill RTS, indirectly supporting the reason for its large scale. The
moisture content curve shown in Fig. 12¢ further illustrates the ground ice
content in this region, indicating that the upper limit of the permafrost is
located 2.1 to 2.4 m below the surface. The thickness of the active layer
decreases closer to the headwall due to lateral thermal erosion caused by the
development and evolution of Gu-hill RTS—a key indicator of active freeze-
thaw erosion processes.

Nuclear magnetic resonance

In this study, a Dart sensor utilizing borehole NMR techniques was
employed to quantify the total volumetric water content and the hydraulic
conductivity of the active layer in the studied RTS area”®. These mea-
surements are essential for understanding how freeze-thaw cycles alter soil
hydraulic properties and contribute to erosion processes. The NMR-Dart
logging method, known for its ease of operation and high vertical resolution,
is currently widely used for in-situ determination of hydraulic properties.
The fundamental principle of borehole NMR logging involves estimating
soil permeability by acquiring geometric information about pore spaces and
determining the porosity filled with water®. The Dart soil moisture sensing
system consists of a Dart control unit, a logging probe, and a field data
acquisition computer (Fig. 10b). The logging probe has a diameter of 4.4 cm,
a vertical length of 22.9 cm, and a detection range encompassing a 15.2 cm
diameter area around the probe center. To enhance the signal-to-noise ratio
of the detection results, the Dart sensors record test results at two fre-
quencies: 426.27 kHz and 478.271 kHz*". The Schlumberger-Doll Research
(SDR) equation was employed to estimate soil hydraulic conductivity
(Kspr)- This inversion technique, frequently applied in permafrost research,
is responsive to thin, low-K strata and is represented as follows:

Kopr = C" T%ML M

here, C and m denote the lithologic constant and porosity exponent,
respectively. @ represents the fractional porosity, while T, refers to the
logarithmic mean of the T, (decay time) distribution, calculated as:

ZAiln(TZi))

i @

Tome = exp(

where A; correlates with the total number of spins in the i pore type, which
relaxes with a decay time (T5;).

At the three boreholes located on the eastern side of the investigated
Gu-hill RTS, a 50 mm diameter PVC probe was inserted, with the bottom
sealed to prevent water ingress. A Dart sensor was deployed within the PVC
probe to measure soil hydraulic conductivity through a cylindrical shell with
a diameter of 15.2 cm, assessing the soil surrounding the probe’s center at a
vertical resolution of 0.2 m. During each measurement, the Dart probe was
maintained at a static depth before being advanced to the next depth. Soil
moisture content was measured at 0.5m intervals. To verify the soil
hydraulic conductivity results acquired through Dart sensor, undisturbed
soil samples from boreholes were gathered at the study location and
examined in the laboratory. Additionally, post-processing analysis of NMR
detection data was performed using Vista Clara software. The T, decay
curve was used to estimate the distribution of soil volumetric water content.
Due to soil characteristics, different types of water content were fitted as a
function of T, decay time. Typically, the T, decay time is categorized into
three ranges: less than 3.16 ms, 3.16 to 31.6 ms, and greater than 31.6 ms.
These ranges correspond to free water, retained water, and bound water,
respectively. This detailed characterization of water states is essential for
understanding freeze-thaw processes, as laboratory NMR analyses indicated
that the unfrozen water content in silt samples ranged from 1% to 10%".

Drawing from prior experience”, the unfrozen water in this study was
primarily composed of gravitational water (T, > 33 ms).

Electrical resistivity tomography and ground-penetrating radar
To elucidate the characteristics of ground ice, the permafrost table, and the
impacts of freeze-thaw erosion and thermal disturbance on the soil beneath
the Gu-hill RTS development area, non-invasive geophysical surveys—
specifically, ERT and GPR profiling—were conducted during the thawing
season of 2021 and 2022 (Fig. 10). Among the existing near-surface geo-
physical survey methods, ERT is employed to infer geological or geophysical
characteristics based on measurements of subsurface potential differences. It
is particularly effective in characterizing permafrost because the resistivity
model of permafrost layers is strongly correlated with ground ice content
and unfrozen water content—both critical parameters in freeze-thaw ero-
sion processes. Additionally, resistivity is highly sensitive to the transition
between the active layer and the underlying permafrost. GPR alongside ERT
in the same survey section provides complementary geophysical informa-
tion. While both GPR and ERT can approximate the position of the per-
mafrost table, GPR is more adept at detecting shallow soil layers such as the
active layer and interpreting soil stratification. In contrast, ERT utilizes the
resistivity variability of different materials to explore the spatial distribution
of various subsurface layers (such as sediments, air, groundwater, and
ground ice) and is better suited for investigating permafrost characteristics
below the permafrost table, such as ground ice. However, ERT is less
effective in determining soil stratification. Therefore, the combined use of
ERT and GPR surveys can effectively provide high-resolution interpreted
profiles of Gu-hill RTS development areas, inferring the corresponding
stratigraphic structures and freeze-thaw induced changes.

In the research area, the spatial distribution of massive ground ice, ice-
rich permafrost, and the permafrost table was identified on-site using a
testing system based on the Advanced Geosciences Inc. (AGI) Supersting
R8. Due to the presence of a substantial amount of mudflow material within
the development area of the Gu-hill RTS and the significant height of the
headwall, two ERT survey lines were established. One line was positioned
2.5 m south of the headwall (in the east-west direction), and the other 2 m
east of the longitudinal (north-south direction) RTS development direction.
Each survey line consisted of 48 electrodes spaced 3 meters apart
(Fig. 10d, e). Based on previous ERT survey work conducted in the per-
mafrost regions of the QTP*%, this study employed a dipole-dipole array
configuration within the testing system. Current was injected into the
ground according to the electrode arrangement, creating a known geometric
factor (K), and the apparent resistivity (p;) was measured. The ERT testing
system performed extensive measurements by altering different central
points and the spacing between two electrodes, resulting in a two-
dimensional distribution image of the measured apparent resistivity in both
the horizontal (along the survey line direction) and vertical (soil depth
direction) planes. The fundamental principles of this process can be
described as follows:

AV
b= K= @)
2
K=+ 1 1 1 (4)
m_m_(m_m)

where p, denotes the apparent resistivity ((dm); AV represents the electrical
potential difference (V); I indicates the supplied current (A) and; K is the
dimensionless geometric factor. AM, AN, BM, and BN correspond to the
distances between pairs of electrodes.

The ERT testing data was inverted for apparent resistivity using the
post-processing software EarthImager 2D. Initially, topographic correction
was performed based on the field-measured surface elevation and electrode
spacing. The software’s embedded program employs a regularized least
squares method for data inversion, utilizing the Euclidean norm (L2 norm)
for regularization. The inversion results were selected based on smaller root
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mean square errors and L2 norms closer to 1, ultimately yielding a corre-
sponding two-dimensional resistivity model. This model can represent the
true subsurface resistivity distribution. Due to the lack of corresponding
resistivity reference values for the strata near the RTS in the QTP devel-
opment area, the resistivity variations obtained from ERT testing under
assumed constant natural conditions (lithology, pore structure, electrodes,
etc.) are primarily attributed to changes in unfrozen water content. To better
interpret the resistivity values of the permafrost layer in the thermokarst
slump area, this study employed a regression equation™* between unfrozen
water content and resistivity, as detailed in the following formula:

R= e*fﬁRwuo 5)

where R represents the electrical resistivity of permafrost (Q m), R,
denotes the reference electrical resistivity value of 12,820 Q m when the
unfrozen water content w,o=5%, and w, signifies the unfrozen water
content (%).

Given that GPR survey technology has been widely applied to the
detection of permafrost, yielding numerous results in the investigation of
ground ice, the internal structure of periglacial landforms, and the thickness
of the active layer, this paper will not elaborate on the corresponding prin-
ciples of GPR. In this study, field investigations were conducted using the
CrossOver730 (ImpulseRadar) GPR to detect the Gu-hill RTS under inves-
tigation, as shown in Fig. 10c. The survey routes were consistent with those of
the ERT survey lines. Due to the presence of a substantial amount of mudflow
material on the surface of the slump area and the high water content during
the thawing season, the GPR results could be adversely affected. Therefore, no
surveys were conducted within the development area itself. The selected GPR
device integrated antennas with frequencies of 300 MHz and 70 MHz,
enabling the acquisition of data at different depths simultaneously. The GPR
data were post-processed using ImpulseRadar CrossPoint software, resulting
in a two-dimensional dielectric constant profile of the strata after filtering.
Ultimately, the iterative interpretation results of the GPR and ERT inversions
were comprehensively analyzed and, combined with borehole data, validated
the location of the permafrost table and the spatial distribution characteristics
of ground ice. Consequently, this study, based on the results of the integrated
geophysical surveys, provides geophysical evidence for the permafrost con-
ditions and thermal disturbance characteristics contributing to freeze-thaw
erosion in the RTS development area.

Multi-temporal deformation investigation

To quantify soil erosion resulting from freeze-thaw processes in the Gu-hill
RTS development area, the TLS-UAV method used in this study was
developed in previous studies by the authors’. Data acquisition involved
high-resolution point clouds and UAV aerial images, captured using the
Leica P50 terrestrial laser scanner and the DJI Matrice M300 RTK equipped
with Zenmuse P1 and L1 cameras, respectively.

Point cloud processing was carried out using Leica Cyclone 9.2.0
(https://leica-geosystems.com), while aero-triangulation and model recon-
struction were performed with DJI Terra for the initial post-processing of
the collected data. Following basic preprocessing, spatial sampling was
conducted to remove extraneous points. Points with a spacing of 0.1 m were
then extracted and meshed into time-series triangular irregular networks
(TINs). TIN comparisons were subsequently conducted using Matlab
2019b. Detailed analysis procedures are outlined in the authors’ previous
studies’. Through overlay analysis, we quantified the headwall retreat and
volumetric changes in the development area of the Gu-hill RTS. This pro-
vided a quantitative assessment of soil erosion resulting from freeze-thaw
processes in RTS.

Data availability

No datasets were generated or analyzed during the current study.
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