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Abstract

Permafrost in high-altitude regions of the Himalaya represents a sensitive and understudied component
of the global cryosphere, with significant implications for landscape evolution, hydrology, and climate
change. The cold-arid region of Ladakh provides a unique natural setting for investigating permafrost
dynamics due to its extreme climatic conditions resembling those operating on early Mars. This study
employs Ground Penetrating Radar (GPR) to characterize the subsurface structure, stratigraphy, and
active layer dynamics of permafrost in the Tso Kar basin located in the northwestern Himalayan region in
Ladakh. The Tso Kar is a topographically closed basin underlain by unconsolidated, frozen sediments
that are highly susceptible to both surface and subsurface frost-related processes. Three subsurface
units identified from radargram include the active layer, permafrost table at varying depths and frozen
subsurface. The permafrost thickness reaches up to ~ 12 m, overlain by buried snow (firn) of upto ~ 1.5
m, while the permafrost table lies about at depths of up to ~ 3 m from the surface. The Profile-1
demonstrate the stable permafrost with shallow active layer overlaying the well preserved frozen sub-
surface; Profile-2 represent an intermediate stage showing an increase in the thickness of active layer
due to seasonal thaw resulting in the generation of transition zone and talik showing the partial
degradation of permafrost and; Profile-3 represent the advanced stage of permafrost degradation
reflected by the debris rich active layer over an discontinuous and irregular permafrost table. In addition,
the study documents the presence of lithalsa landforms, suggesting recent permafrost degradation and
localized thaw dynamics. These features provide geomorphic evidence of past permafrost conditions
and ongoing cryogenic processes. In the context of accelerating global climate change, particularly in
high-altitude and arid environments, this study underscores the urgent need to reassess the stability and
spatial variability of permafrost in regions such as Ladakh. The results contribute to a better
understanding of Himalayan permafrost systems and further explore the applicability of these
observations in the context of planetary analogues by comparing the Ladakh permafrost system with
ice-rich terrains identified on Mars, particularly in regions such as Utopia Planitia and Arcadia Planitia.
Beyond its regional importance, the integrated field and GPR dataset presented here provides a process-
based terrestrial calibration framework by relating the well-constrained geological evolution of the Tso-
Kar Basin to its subsurface radar facies. Establishing this relationship enables a more robust
assessment of the geological processes capable of producing analogous radar signatures on Mars,
thereby reducing uncertainty in the interpretation of planetary radar observations.

1. Introduction

Permafrost, defined as ground that remains at or below 0°C for at least two consecutive years, is a
critical component of the global cryosphere that exerts strong control on geomorphic processes,
hydrology, and landscape evolution in cold regions (Brown and Kupsch, 1992; Haeberli, 2000; Dobinski,
2011; Haeberli et al., 2017). While extensive permafrost terrains are well documented in the Arctic and
sub-Arctic regions, high-altitude permafrost in mountain environments, particularly those within the
Himalaya, remain comparatively underexplored despite their sensitivity to climate change (Haeberli et al.,
2017; Palazzi et al., 2017; Wang et al., 2023; Pepin et al., 2025). The Himalayan cryosphere, often referred
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to as the “Third Pole,” hosts discontinuous and sporadic permafrost whose spatial distribution and
subsurface characteristics are still poorly constrained, especially in cold-arid regions such as Ladakh
(Allen et al., 2016; Gruber et al., 2017; Pant et al., 2018; Dimri et al., 2021; Khan et al., 2021). In the global
context, the Himalayan cryosphere represents one of the largest repositories of snow and ice outside the
polar regions, extending across high mountain region of Asia and influencing major river systems that
sustain nearly one-fifth of the world’s population (Shrestha et al., 2015; Thakur et al., 2017; Mukherji et
al., 2018; Dimri et al., 2021; Vishwakarma et al., 2022). Unlike the relatively continuous permafrost of
polar regions, Himalayan permafrost is highly heterogeneous, governed by altitude, aspect, lithology, and
microclimatic variability (Thakur et al., 2017; Mukheriji et al., 2018; Dimri et al., 2021). Recent studies
emphasize that high-mountain permafrost is particularly vulnerable to ongoing climatic warming, leading
to slope instability, infrastructure hazards, and changes in hydrological regimes (Schmid et al., 2015;
Gruber, 2012; Gurber et al., 2017; Bolch et al., 2019, 2022; Sah, 2025). Permafrost stratigraphy holds
critical significance in Earth Sciences due to its integral role in understanding the cryosphere, climate
dynamics, and geomorphological processes that shape polar and high-altitude regions. The stratigraphic
composition of permafrost comprising distinct layers of sediments and ice provides essential records of
past climatic conditions and informs on the stability of the ground as well as associated biogeochemical
cycles (Ping et al., 2015). With the onset of global warming, rapid changes in permafrost systems have
been observed, implicating critical consequences such as the alteration of ecosystem services,
acceleration of landscape transformation through processes like thermokarst, and the release of large
carbon stores as greenhouse gases (Ge et al., 2025; Mathys et al., 2025; Saintenoy and Leger, 2025).
Hence, detailed investigation of subsurface ice stratigraphy is vital to predict and manage the
environmental impacts linked to permafrost thawing and degradation. Despite its importance,
systematic geophysical characterization of Himalayan permafrost remains limited compared to Arctic
benchmarks (Frolov, 2003; Wu et al., 2005; Briggs et al., 2017; Wang et al., 2019; Ge et al., 2025; Mathys
et al., 2025; Saintenoy and Leger, 2025).

Recent global studies have demonstrated the effectiveness of geophysical techniques in mapping and
monitoring permafrost (Vonder et al., 2002; Kneisel et al., 2008; Hauck, 2001, 2013; Sjcberget al., 2015;
Briggs et al., 2017; Tourei et al., 2024). In particular, Ground Penetrating Radar (GPR) has emerged as a
powerful, high resolution non-invasive tool for imaging subsurface stratigraphy, identifying ice-rich layers,
and delineating the active layer thickness (Arcone et al., 1998, 2002; Moorman et al., 2003; Brandt et al.,
2007; Monnier et al., 2008; Campbell et al., 2018; Sudakova et al., 2021; Saintenoy & Leger, 2025;
Muzalevski, 2025). GPR based investigations in regions such as Alaska, Svalbard, and Tibetan Plateau
have successfully revealed permafrost thickness, ice lenses, thaw dynamics, and subsurface
heterogeneities (Navarro et al., 2014; Edemsky et al., 2021; Zhang et al., 2024; Saintenoy & Leger, 2025;
Kang et al., 2025; Ryazantsey, 2025; Muzalevski, 2025; Xiao et al., 2025). These studies highlight the
utility of GPR in characterizing frozen ground and understanding its response to climatic forcing. In the
Himalayan context, permafrost studies are relatively sparse and often limited to surface observations,
thermal modeling, or indirect proxies. The cold-arid environment of the Ladakh region, characterized by
low precipitation, high elevation, and extreme temperature variability, provides favorable conditions for
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permafrost development. However, the subsurface architecture and dynamics of permafrost in this
region remain inadequately understood due to logistical challenges and limited application of high-
resolution geophysical methods. The use of GPR in Ladakh offers significant potential to bridge this
knowledge gap by enabling detailed imaging of subsurface ice, sediment layering, and active layer
processes.

Situated within this framework, the high-altitude permafrost environments of Ladakh in the Indian
Himalayas are of special interest as terrestrial analogues for Martian subsurface ice systems (Pandey et
al., 2020; Haq et al., 2022). Ladakh presents extreme environmental conditions including low
temperatures, limited liquid water availability, and high salinity factors that closely resemble those
hypothesized for Mars. The region features diverse and accessible periglacial landscapes such as
glacial passes, salt rich lake shorelines, and permafrost related geomorphological features (Wiinnemann
et al., 2008, 2010; Pandey et al., 2019; Kumar et al., 2026). Investigations in Ladakh have revealed
interactions between the diurnal water cycle and salts in the soil, that can create transient brine
reservoirs, potentially analogous to habitable niches on Mars (Rastogi, 2009). These terrestrial
analogues are essential for astrobiology research, providing insights into microbial survival strategies
under cold, arid conditions and facilitating the development of life detection methods and exploration
technologies applicable to the Martian environment (Sharma et al., 2024). The demonstrated resilience
of cold adapted microorganisms isolated from permafrost supports the relevance of Ladakh’s
permafrost as a model for subsurface life on Mars (Pandey et al., 2020).

A maijor challenge in planetary geology is not the detection of the Martian subsurface, as orbital radar
sounders such as SHARAD, MOSIR and MARSIS, together with the rover-mounted RIMFAX and RoPeR
instruments during various missions have already revealed widespread subsurface reflectors, buried ice,
and stratified sedimentary deposits (Hamran et al., 2020, 2022; Orosei et al., 2017; Fan et al. 2021,
Mellon et al., 2008,2009; Cereti et al., 2007; Castaldo et al., 2017; Gupta et al., 2020; Chen et al., 2023;
Raguso et al.,, 2024, Ciarletti, 2024) (Fig. 1a&b). Rather, the principal challenge lies in reliably interpreting
these radar signatures to reconstruct the geological and environmental evolution of the Martian
subsurface. Similar radar responses may result from different combinations of sedimentological
characteristics, ice content, salinity, and cryogenic processes, rendering interpretations based solely on
radar observations inherently uncertain (Casademont et al., 2024). Addressing this uncertainty requires
well-characterized terrestrial analogue environments in which radar observations can be interpreted
alongside independently constrained geological and geophysical data within a robust geological
framework (Leuschen et al., 2003).The present GPR investigation of the Tso-Kar Basin is undertaken
within this process-based analogue framework.

The cold desert of Ladakh exhibits striking similarities with selected Martian terrains, particularly in
regions such as Utopia Planitia, Arcadia Planitia, and Gale Crater (Jangir & Dutta, 2025; Pandey et al.,
2020; Ansari et al., 2025). These similarities include hyper-arid climatic conditions, dominance of aeolian
and periglacial processes, and the presence of patterned ground, polygonal networks, and debris
covered surfaces indicative of freeze-thaw activity (Pandey et al., 2020; Haq et al., 2022). Additionally,
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both environments exhibit strong diurnal temperature variations and subsurface ice stability under thin
atmospheric conditions (on Mars), making Ladakh an effective terrestrial analogue for studying Martian
cryospheric and sedimentary processes (Pandey et al., 2020). Such analogues are critical for interpreting
radar signatures and geomorphic features observed on Mars. Beyond terrestrial significance, permafrost
studies in Ladakh hold increasing importance in the context of planetary science (Jangir & Dutta, 2025;
Pandey et al., 2020; Ansari et al., 2025). Observations from missions such as Mars Reconnaissance
Orbiter and Mars Odyssey have provided compelling evidence for the presence of ground ice and
permafrost like conditions on Mars (Orosei et al.,, 2025; Yu et al.,, 2025; Mellon et al., 2008; Wainstein et
al., 2008). Orbital radar instruments like SHARAD and MARSIS have detected subsurface reflectors
interpreted as ice-rich layers, drawing strong parallels with GPR investigations on Earth (Cereti et al.,
2007; Castaldo et al., 2017; Giuppi S. 2015; Gupta et al., 2020; Raguso et al., 2024; Ciarletti, V. 2024). In
this context, the Ladakh region provides a unique natural laboratory to investigate permafrost processes
and their geophysical signatures under conditions analogous to those on Mars. Ground Penetrating
Radar (GPR) stands out as a highly effective geophysical tool for probing subsurface ice systems both
on Earth and as an analogue for planetary studies. By integrating GPR based subsurface imaging with
geomorphic and sedimentological observations, it is possible to develop improved models for
interpreting Martian radar data and understanding cryospheric evolution on planetary bodies. The
present study aims to (i) characterize the subsurface structure and dynamics of permafrost in the Tso
Kar basin of Ladakh using GPR, (ii) identify key stratigraphic and cryogenic features such as ice lenses
and active layer thickness, permafrost table and (iii) evaluate the suitability of the Ladakh permafrost
system as a terrestrial analogue for Martian permafrost environments. This work not only contributes to
the limited database on Himalayan permafrost but also provides valuable insights for comparative
planetology and future exploration of extraterrestrial cryospheres.

The significance of the Tso-Kar Basin as a planetary analogue extends beyond its morphological
similarity to Mars. Its Late Quaternary climatic, lacustrine, and permafrost evolution has been
independently constrained through geomorphological, sedimentological, and palynological
investigations (Wiinnemann et al., 2008, 2010), providing a robust geological framework for relating
environmental evolution to subsurface radar facies. Consequently, the GPR dataset can be interpreted
within the context of basin evolution, allowing the observed radar facies to be associated with specific
geological processes rather than being considered solely as morphological analogues of the Martian
subsurface.

2. Regional Setup of the Study Area

Ladakh is a high altitude cold-arid desert, situated in the Trans-Himalayan range of the northwestern
Himalaya in northern India (Figs. 2 and 3). Geomorphologically, the region is characterized by a
combination of fluvio-glacial, lacustrine, and periglacial landscapes, including alluvial fans, moraines,
outwash plains, and high-altitude saline lake basins such as Tso Kar (Wiinnemann et al., 2008, 2010;
Kumar et al., 2022; Singh et al., 2010; Mukherji et al., 2018; Dimri et al., 2021). The topography is rugged
and highly dissected, with elevations typically ranging between ~ 4,000 to 6,000 m above sea level,
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interspersed with broad intermontane valleys and plateau-like surfaces (Lal and Singh, 2025).
Climatically, Ladakh experiences a cold desert environment with extremely low precipitation (< 100 mm
annually), largely due to its location in the rain shadow of the Greater Himalaya (Philip and Mazari, 2000).
The region is marked by strong diurnal and seasonal temperature variations, exhibits markedly extreme
climatic conditions, with temperatures ranging from approximately - 40°C during winter to >30°C in
summer, alongside pronounced diurnal variability from below 0°C to above 30°C within a single day
(Pandey et al., 2023). The region is an excellent natural laboratory encompassing a wide spectrum of
largely pristine extreme environments, including glacial deposits, hyper-arid terrains, aeolian dune fields
with interdunal ponds, hydrothermal springs, saline lakes, and extensive permafrost domains
(Bhattacharyya, 1989; Philip and Mazary, 2000; Pandey et al., 2022). Tectonically, Ladakh occupies a
complex zone influenced by the ongoing convergence between the Indian Plate and the Eurasian Plate,
resulting in active deformation, faulting, and uplift that shape the present-day landscape (Sinha, 1981;
Searle et al., 1987, 1988; Valdyia, 1988; Nag et al., 2021; Petterson, 2023; Mir et al., 2024). These
tectonically formed young high latitude landscape, combined with extreme climatic conditions, favor the
development of discontinuous to sporadic permafrost across the Higher Himalayan and Trans-
Himalayan domains.

The Tso-Kar basin where the present study has been carried out is located at a distance of about 160km
southeast of Leh town at an altitude of 4500 m(Figs. 2 and 3). Tso Kar is a large structural depression
which is occupied with two prominent lakes (Tso-Kar and Startsapuk Tso) with no outlet drainage. The
Tso-Kar is a brackish shallow lake having an area of 19km? whereas, the Startsapuk Tso is relatively
deep freshwater lake covering an area of 4km?. Geologically, the Tso-Kar basin is situated within the
Taglang La Formation of the Tso Moriri Crystalline Complex, which is interpreted as an accreted terrain
associated with the Indo-Tsangpo Suture Zone (Thakur and Virdi, 1979). The Taglang La Formation
comprises metamorphosed calcareous, marly, and argillaceous metasedimentary sequences
interlayered with concordant bands of amphibolites, forming the crystalline basement of the Tso Kar
basin (Thakur & Mishra, 1984; Thakur, 1992). This basement is overlain by substantial accumulations of
Quaternary lacustrine sediments that constitute the principal basin-fill deposits. The basin represents
ongoing Himalayan mountain-building processes resulting in dislocation of many landforms such as
streams, ridges, formation and shrinking of lakes and deformation of Quaternary landforms. Structurally,
the basin is tectonically constrained by the north-south trending Tso-Kar Fault along its western margin
and the Tso Moriri Fault along its eastern boundary (Fig. 3a-c). Hydrologically, Tso Kar is sustained by a
shallow overflow from Startsapuk Tso, a river-fed lake within the same catchment. Tso Kar is hypersaline
with an ephemeral salt crust dominated by thenardite and mirabilite. Permafrost occurrence in this
region is strongly controlled by elevation, slope orientation, ground material, and microclimatic variability,
often manifesting in the form of active layer dynamics, ice-rich sediments, and periglacial landforms
such as patterned ground and frost mounds (Wiinnemann et al., 2008, 2010; Kumar et al ., 2022).The
cold desert of Ladakh thus provides an ideal natural laboratory for investigating high-altitude permafrost
systems and their sensitivity to climatic and tectonic forcing. The active tectonics of the study area has
been deciphered by the streams perturbation imparted on the drainage system, particularly the 1st order
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streams are sensitive to the ongoing deformation. The Tso Kar Basin has evolved within a tectonically
controlled closed depression that experienced alternating lake highstands and regressive, salinizing
phases throughout the Late Quaternary. This history exerted a first-order control on permafrost
development, with permafrost aggradation favoured during low lake stands and inferred to have been
largely absent during the mid-Holocene highstand (Wiinnemann et al., 2008, 2010). Consequently, the
subsurface radar facies imaged by GPR in this study preserve the cumulative imprint of climatic,
hydrological, and cryogenic evolution rather than reflecting a single stage of basin development.

3. Martian Analogue Characteristics (Earth-Planetary
Resemblances)

Owing to the elevated topography of Ladakh region, the area is characterized by reduced atmospheric
pressure (typically 540 hPa), intense ultraviolet radiation (twice sea level), and minimal precipitation
(mean annual precipitation < 90mm). This unique environmental setting is particularly conducive to
multidisciplinary geological and astrobiological investigations, including ongoing surface processes,
sub-surface stratigraphy, paleoenvironments, and technology test as a preparation for extraterrestrial
exploration(Pandey et al., 2020; Haq et al., 2022; Phartiyal et al., 2021, 2025). Notably, the high mountain
passes exhibit striking geomorphic and environmental analogues to early Martian conditions, marked by
low atmospheric pressure, elevated UV flux exceeding those currently observed on Mars, active
periglacial processes, permafrost dynamics, and glacial-meltwater interactions (Pandey et al., 2020;
Phartiyal et al., 2025). At an elevation of approximately 4500 m, the atmospheric density is ~ 0.64 kg m=3,
significantly lower than the ~ 1.2 kg m~3 typical at sea level, further reinforcing its relevance as a Mars
analogue environment (Pandey et al., 2020; Kumar et al., 2022). The Hesperian epoch on Mars is inferred
to have been associated with an atmospheric density of at least ~ 0.4 kg m=3. Tso Kar is a shallow,
hydrologically fluctuating saline lake distinguished by elevated salinity levels, reaching hypersaline
conditions (> 50%; TDS = 190.5 g L"), with a dominant Na—K-S0,-CI geochemical composition and
annual evaporation rates between 400 to 600 mm, substantially exceeding precipitation, particularly
during the summer months when evaporation peaks and results in the formation of dense brines (Yu et
al., 2001). Despite these harsh conditions, the lake supports a community of highly halo tolerant
ostracod species adapted to extreme salinity regimes (Yu et al., 2001).

The basin preserves a well-developed assemblage of glacial geomorphic features, like small cirques and
moraines and exhibits hummocky topography characterized by polished and striated clasts, indicative of
past glacial activity. A particularly notable geomorphic attribute is the presence of elevated palaeo-
shorelines, reaching up to + 98 m above the current lake level, prominently developed along the northern
and southern margins and encircling the basin (Wiinnemann et al., 2008; 2010). The Tso-Kar basin
exhibits a diverse suite of permafrost-related geomorphic features, including thermokarst depressions,
frost mounds, thermal contraction crack polygons, permafrost mounds characterized by thick ice lenses
and reticulate cryostructures, and putative lithalsas reaching heights of up to ~ 10 m (Dimri et a., 1983;
Wiinnemann et al., 2008; 2010). These landforms represent the active periglacial dynamics and ongoing
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geomorphic modification driven by permafrost processes. Numerous small to medium-sized ponds
associated with frost mounds, as well as larger water bodies occupying isolated thermokarst
depressions forms the discontinuous permafrost (Wiinnemann et al., 2008; 2010). Cryostructural
analyses revealed the presence of clear ice lenses embedded within a matrix of dark grey icy mud
interspersed with patches of yellowish silt—clay—ice aggregates (Pandey et al., 2022). These matrices
host significant concentrations of biomarkers, with reported values ranging from 103 to 10* orders of
magnitude, including 4.9 x 102 to 4.33 x 10° ng g~ lipopolysaccharides (LPSs; N=2) and 8.6 to ~ 2 x 104
fmol mL-" adenosine triphosphate (ATP; N = 5) (Pandey et al., 2022). The detection of such biomarkers
within ice-bound fine-grained sediments in permafrost-associated reticulate cryostructures underscores
the astrobiological significance of these environments. These analogues provide valuable opportunities
for developing and testing life detection strategies applicable to the polar and mid-latitude regions of
Mars, as well as to ice-dominated surfaces on the earth, where similar ice-sediment mixtures may serve
as repositories of concentrated biosignatures. In this context, geophysical investigations, particularly
using Ground Penetrating Radar (GPR), offer a robust, non-destructive approach for subsurface
characterization. GPR enables high-resolution mapping of stratigraphy and the delineation of permafrost
structures, thereby providing critical insights into the internal architecture and evolution of these
cryogenic systems. Because these ice-rich sedimentary sequences reflect the basin's long-term lake
regression and salinization history rather than isolated permafrost processes (Wiinnemann et al., 2008,
2010), their internal cryostratigraphy must be characterized using methods capable of resolving
subsurface stratigraphy without disturbing the fragile permafrost-hosted biomarker record. GPR provides
this capability (Moorman et al., 2003; French & Shur, 2010) and is therefore employed in this study to
relate surface geomorphic features to the underlying cryostratigraphic framework.

4. Material and Methods

Subsurface imaging forms a critical component of this investigation, as characterization of the active
layer, ice-rich horizons, and permafrost table allows surface geomorphic features to be linked with the
underlying cryostratigraphic record of basin evolution. Cold-region environments, characterized by mean
annual ground temperatures at or below 0°C, host a wide spectrum of cryospheric features including
continuous to sporadic permafrost, a seasonally thawing active layer, ice wedges, taliks, and thermokarst
landforms. These environments present strong contrasts in dielectric permittivity and electrical
conductivity due to phase changes between ice and liquid water, making them particularly suitable for
Ground Penetrating Radar (GPR) investigations (Bradford et al., 2005; Nakano and Sakai, 2008; Torn et
al., 2025). The active layer, which undergoes annual freeze-thaw cycles, is a key focus in permafrost
studies as its thickness, thermal regime, and liquid/solid water proportions act as proxies for permafrost
stability, near-surface hydrology, and biogeochemical fluxes such as CO, and CH, emissions (Ehrlich et
al.,, 2021; Torn et al., 2025). GPR provides critical information on active layer thickness, internal
stratigraphy, and phase distribution through analysis of travel-time variations, reflection amplitudes, and
signal attenuation (Harris et al., 2025).
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During the present study, the data was collected using a 200 MHz antenna manufactured by GSSI
(Geophysical Survey Systems Inc.) coupled with a SIR-4000 control unit. Prior to data acquisition, the
equipment was calibrated under site-specific conditions, considering the relatively flat and dry surface
characteristics of the study area. Several trial surveys were performed using different acquisition
prompts and custom settings to optimize data quality and ensure reliable subsurface imaging. During
data acquisition, varying dielectric constants representing the anticipated subsurface materials were
incorporated in the custom survey settings to improve signal penetration and depth estimation. The
acquired radar profiles were processed using RADAN 7 software. Data processing involved the
application of a sequence of filters and corrections, including 600 MHz low-pass and 50 MHz high-pass
Infinite Impulse Rate (IIR) filters, background removal, migration, horizontal and vertical scaling, and
appropriate time-range adjustments. To preserve the integrity of the original radar reflections, only
minimal filtering and gain enhancement (artificial energy amplification) were applied, thereby reducing
processing induced artefacts and maintaining the authenticity of the recorded subsurface signatures.

5. Results
5.1. Permafrost Landforms and Sub-surface Imaging

The previous studies (Wiinnemann et al., 2008; 2010) as well as the current field work in the study area
reveals the basin exhibits a variety of well-preserved glacial and periglacial geomorphic features,
including terminal and lateral moraines, hummocky mounds, V-shaped valleys, fan surfaces, terraces,
paleolake-shorelines, and regression shorelines, reflecting the evidence of former glaciation and
subsequent permafrost activity (Wiinnemann et al., 2008, 2010). During the present study three sites
were selected along the eastern margin of the Tso-Kar basin due to easy accessibility and site conditions
for GPR survey to target the permafrost layers, including the depth of permafrost table, sub-surface
sediment characterstics and structures (Fig. 4a,b). These include (a) Site-1 at the southern margin of Tso
Kar (North of Startsapuk lake) with dry surface conditions, (b) Site-2 at the northern margin of the lake
basin where the geomorphic features representing thermokarst activity, lithalsas and frost mounds are
prominent features (Fig. 5a,b), Site-3 lies in between the Site-1 and 2 where the surface condition
changes from prominent lake features to a relatively coarse surface material like slope fragments such
as pebble and gravels (Fig. 4b). The elevation of the sites increases from site-1 to site-3 suggesting
stratigraphically younging from site 3 to site 1 (Fig. 4b). At the western margin of the lake basin the
topographic expression of Tso-Kar fault is prominently displayed representing a part of ongoing active
tectonics in the Himalaya (Fig. 5b). The Tso-Kar fault is a part of the ITSZ deformation with strike slip
environment, representing both compressional and extensional region due to structural step tectonics
along Karakoram fault system.

Site-1

The Site-1 is located along the eastern margin of Tso Kar, where a 150 m survey transect extended from
the shoreline towards the basin interior. The site was selected to characterize permafrost architecture
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across lake-margin sediments influenced by sediment exposure and salinization, which have been
identified as primary controls on permafrost development within the basin (Wiinnemann et al., 2008,
2010).The site represents stratified permafrost architecture under cold-arid high altitude
cryostratigraphy. The uppermost ~ 1-2.5 m profile shows a well-developed, laterally continuous
reflectors that represent the active layer, which thaws and freezes seasonally (Fig. 7). The sharp contrast
occurs due to a change in dielectric permittivity in thawed (wet) versus frozen (ice-rich) sediments.
There are minor undulations due to micro-topographic or moisture variations. Repeated thaw freeze
cycles result in rhythmic layering similar to that observed in annual or multi-annual climate fluctuations.
Underneath active layer, the transition zone, representing moderately diffused reflective zone is marked
as permafrost layer (Fig. 7). This zone represents intermediate climatic phases, where snow sublimation,
and compaction occurs. A distinct, strong reflector at the top of permafrost zone is represented as
permafrost table, a boundary between seasonally thawed layer above, and permanently frozen ground
below. Its continuity along the profile indicates stable permafrost (Fig. 7).The variation in depth reflects
local thermal anomalies and differences in sediment composition or moisture content. Ice-rich
Permafrost layer has strong continuous sub-horizontal reflectors, layered ice lenses, and Ice segregation
structures. The dipping reflector implies that buried paleo-surfaces or deformation related to solifluction
or cryoturbation occurred as high and low reflectivity alternate bands, indicating cold periods of ice
accumulation and warm periods of sediment deposition or ice melting.

The heterogeneous, discontinuous reflections consist of debris layers, colluvium, and freeze These
layers break the continuity, and represent event marker in stratigraphy in general, and in permafrost
stratigraphy in the present study (Fig. 7). The weaker signal penetration of the weak, chaotic reflections
corresponds to lower ice content and higher radar signal attenuation due to unfrozen or partially thawed
ground (talik) (Fig. 7). The rhythmic layering of alternating reflectors may represent cyclic freeze-thaw
events related to seasonal and/or longer-term climate fluctuations. The results are an important climatic
archive with ice-rich layers representing cold and stable periods and debris-rich layers representing
warm and unstable periods with sediment influx. The internal deformation in the sediments have also
been examined where the dipping reflectors suggest the deformational features probably caused by
cryoturbation, or periglacial mass movement.

Site-2

Site-2 is located within the vegetated permafrost terrain of the northern Tso-Kar Basin, where lithalsa and
segregated-ice mounds are widespread. The site was selected because it represents the characteristic
geomorphic setting of permafrost development within the basin (Wiinnemann et al., 2008).The GPR
profile at site-2 also display well-defined cryostratigraphic layering within the permafrost, which can be
related to climatic cyclicity and freeze-thaw. The upper portion of the profile (to about 1-2.5 m) has
strong lateral reflectors, representing the active layer, which thaws and freezes seasonally (Fig. 8). The
pronounced reflections are caused by contrasts in dielectric permittivity in thawed, moisture-rich
sediments, and underlying frozen ice. Minor undulations on these reflectors represent micro-topographic
variations and spatial moisture differences related to seasonal thaw variations. Several cycles of freeze-
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thaw have induced rhythmic stratification. A moderately reflective and slightly stratified zone of
signatures lies beneath the active layer, representing transitional permafrost undergoing progressive
densification and ice segregation (Fig. 8). These stratified layers represent intermediate climatic stages
with changes in snow accumulation, sublimation, compaction and ground ice. A large, strong-amplitude
reflector at 1.5m depth separates the permafrost table from the active layer, which thaws seasonally
beneath the permanently frozen ground (Fig. 8).This lateral continuity indicates relatively stable
permafrost conditions across the area with localized thermal anomalies, and heterogeneities in
sediment composition and moisture. The strong, continuous sub-horizontal reflections in layered
reflectors represent ice lenses and ice segregation associated with ice-rich permafrost. Locally-
developed dipping reflectors are interpreted as buried palaeo-surfaces or deformation features
associated with solifluction, cryoturbation or other periglacial features (Fig. 8). Alternating zones of high
and low reflectivity are interpreted to represent cycles of increased ice accumulation during colder
periods and sediment deposition or warmer periods with less ground-ice. Heterogeneous and
discontinuous reflections are interpreted as debris rich horizons consisting of colluvium and freeze-thaw
(Fig. 8). These units disrupt the continuity of the cryostratigraphic sequence and are likely episodic
depositional events that can act as important stratigraphic markers in the permafrost succession. At
greater depths, weak and disordered reflections indicate reduced ice content and increased radar-wave
attenuation, consistent with talik areas. The rhythmic alternation of reflective horizons throughout the
profiles further supports the existence of cyclic freeze-thaw regimes driven by seasonal processes and
possibly longer-term climatic fluctuations.

Site-3

Site-3 is situated adjacent to Thukje Gompa, representing a topographically elevated paleoshorelines
surface. The site was selected to assess how present depositional setting differs in response to the
subsurface permafrost characteristics (Wiinnemann et al., 2008, 2010).The GPR profile at site-3 has a
well developed stratified permafrost with distinct cryostratigraphic units and minor deformation
structures. The signal penetration decreased from desired 12m in dry conditions to 7m due to signal loss
because of relatively more clayey horizon. The topmost ~1m of the profile is characterized by a strongly
laterally continuous reflectors layer which is interpreted to represent the active layer undergoing
seasonal freeze-thaw (Fig. 9). Beneath this, the interval from ~ 1 to 3m has weak to moderate
discontinuous reflections representing a transition zone between the active layer and permanently frozen
ground, where the sediment structure has been modified by variations in moisture content and freeze-
thaw. A prominent, continuous, high-amplitude reflector at 3.5-4.0 m is the permafrost table that
separates seasonally influenced surface sediments from the permanently frozen deposits (Fig. 9). The
most prominent feature is located between 40 and 80 m in the profile at depths of about 3—6 m with a
row of strong, parallel and laterally continuous reflections indicating a layer of ice-rich stratified
permafrost (Fig. 9). This high-contrast zone probably consists of alternating ice-rich and sediment-rich
layers, buried ice lenses, or segregation ice layers formed during different freezing events. The extremely
high reflection amplitudes imply strong contrasts between the dielectric properties, ice content, porosity,
and density of the sediments and the cryostratigraphic unit, which may represent a separate depositional
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or palaeoclimatic phase. Localized disruptions and small undulations of reflectors occur in several
points along the profile, indicating minor cryogenic deformation structures (cryoturbation, frost heave,
differential thaw settlement) but the overall stratification is preserved. At depths > 6 m the radar signal is
strongly attenuated and appears to be underlain by relatively homogeneous frozen sediments or
massive ice-rich permafrost with limited dielectric contrasts (Fig. 9).

5.2.Implications for Permafrost Stratigraphy, Structure and
Paleoclimate Inferences

Permafrost stratigraphy refers to the vertical and lateral arrangement, composition, and chronological
sequence of frozen ground layers within perennially frozen terrain, integrating sedimentology, ground ice
characteristics, and thermal history to reconstruct past environmental and climatic conditions (French
and Shur, 2010). It encompasses the study of distinct stratigraphic units such as the active layer
(seasonally thawed zone), transient layer, and the underlying perennially frozen layer, which may contain
diverse forms of ground ice including pore ice, segregated ice, ice lenses, and massive ice bodies like ice
wedges (Gilbert et al., 2016). These units are differentiated based on lithology, cryostructures, ice
content, and depositional history, often reflecting processes such as fluvial, lacustrine, glacial, or aeolian
sedimentation operating under cold-climate regimes. Permafrost stratigraphy is crucial for interpreting
the evolution of periglacial landscapes, identifying paleoenvironmental signals, and understanding the
response of frozen ground to climatic fluctuations over Quaternary timescales (Strokova L. 2019; Paul et
al., 2021; Tumskoy V.E. 2021). Techniques such as borehole logging, geophysical surveys,
cryostratigraphic analysis, and radiometric dating (e.g., radiocarbon or optically stimulated
luminescence) are commonly employed to delineate stratigraphic boundaries and establish temporal
frameworks(Kneisel et al., 2008; Hauck, C. 2013; Gusmeroli et al., 2015). In regions like the Himalayan
cryosphere, including high-altitude cold deserts such as Ladakh, permafrost stratigraphy provides
valuable insights into the interplay between tectonics, climate variability, and geomorphic processes, and
is increasingly important for assessing ground stability, infrastructure risk, and carbon dynamics in the
context of ongoing climate warming (Wani et al., 2020, 2021; Dimri et al., 2021; Jangir and Dutta. 2025).

5.3.Implications for Mars Analogue Studies

Global permafrost studies have become central to identifying and characterizing Mars analogue
environments, providing critical insights for planetary science, astrobiology, and future exploration
strategies (Hayset al., 2017; Cassaro et al., 2021; Becch and Comte et al., 2021; Marcheselli, V. 2022;
Miner et al., 2023; Sharma et al., 2024). Cold, arid regions on Earth that host perennially frozen ground
such as the Antarctic Dry Valleys, the Arctic permafrost of Siberia and Alaska, the Canadian High Arctic,
and high-altitude cold deserts like Ladakh and the Atacama are widely used as terrestrial analogues
because they replicate key Martian conditions, including low temperatures, limited liquid water
availability, freeze-thaw dynamics, and ice-cemented regolith (Callaghan et., 2005; Nagy et al., 2020; Loidi
et al., 2022). Research in these regions has focused on cryostratigraphy, ground ice distribution, and
geomorphic features such as polygonal patterned ground, ice wedges, thermokarst depressions, and
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frost mounds, which closely resemble landforms observed on Mars through orbital and rover missions
(Ulrich M. 2011; Balme et al., 2013; Dong et al., 2025). Studies from the Antarctic McMurdo Dry Valleys,
for instance, have demonstrated how sublimation driven processes and hyper-arid permafrost conditions
can preserve ancient ice and sediment structures, offering analogues for Martian mid-latitude ground ice
stability and degradation (Bockheim et al., 2007; McKay C.P, 2009; Gooseff et al., 2010; Kerrigan M.C.
2013). In the Arctic, extensive investigations of ice-rich permafrost sequences particularly the organic-
rich Yedoma deposits have improved understanding of long-term cryogenic processes, sediment
accumulation, and preservation of biosignatures within frozen matrices (Strausset al., 2021;
Schirrmeister et al., 2024). These findings are directly relevant to Mars, where subsurface ice-rich layers
may similarly archive past climatic and possibly biological information. High-altitude permafrost regions
such as Ladakh in the NW Himalaya have emerged as important mid-latitude analogues, combining
intense solar radiation, seasonal freeze thaw cycles, and discontinuous permafrost conditions that
resembles those inferred for equatorial and mid-latitude regions on Mars (Pandey et al., 2022,
2023).Such studies help refine models of permafrost distribution under varying thermal regimes and
topographic controls. Permafrost analogue research has also significantly contributed to interpreting
remote sensing data from Mars missions (Farr et al., 2002; Philipp et al., 2021; Terhorst and Dowling,
2022). Features such as thermal contraction polygons, lobate debris aprons, and scalloped depressions
identified on Mars have been better understood through comparative studies with terrestrial periglacial
landscapes (Koutnik and Pathare, 2021; Hauber et al., 2011; Balme et al., 2013).

Furthermore, subsurface investigations using ground-penetrating radar in analogue terrains have
informed the design and calibration of instruments used in missions like Mars Express and Mars
Reconnaissance orbiters, especially the Perseverance and Zhurong Rovers. These missions have
confirmed the presence of shallow subsurface ice, validating hypotheses derived from Earth-based
permafrost studies (Leuschen et al., 2003; Farley et al., 2020; Hamran et al., 2020, 2022; Lavagna et al.,
2022; Mellon and Sizemore, 2022; Pettinelli et al., 2022; Sheppard and Skinner, 2025; Briones et al.,
2025). From an astrobiological perspective, permafrost analogue sites are invaluable for studying the
survival and preservation of microbial life under extreme conditions. Investigations in Antarctic and
Arctic permafrost have revealed viable microorganisms and preserved organic matter within frozen
sediments, suggesting that similar environments on Mars could potentially harbor biosignatures (Hoover
and Gilichinsky, 2001; Gilichinsky D.A. 2002; Yaminsky and Mulyukin, 2005; Mukhopadhyay et al., 2025).
Consequently, these studies guide sampling strategies, contamination control protocols, and life-
detection experiments for future missions. The research in Mars analogue environments has advanced
planetary science by bridging terrestrial cryospheric processes with extraterrestrial geology. It provides a
robust framework for interpreting Martian surface and subsurface features, constraining paleoclimate
evolution, assessing habitability, and supporting the development of exploration technologies, thereby
reinforcing the role of Earth analogues as natural laboratories for understanding Mars.

6. Discussion
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The GPR data from the Tso Kar Basin offers a valuable window into the internal structure,
cryostratigraphy, and climatic importance of high-altitude permafrost in northwest west higher
himalayan cold desert of Ladakh. The study shows that Ground Penetrating Radar is a useful non-
intrusive technique for mapping permafrost boundaries, cryogenic features, and palaeoenvironmental
reconstructive in cold desert areas where direct subsurface access is impractical. The presence of well-
defined stratified horizons, laterally continuous reflectors, ice-rich layers and transition zones in all of the
studied sites confirm the presence of well-developed discontinuous permafrost and the complexity of
periglacial processes. The GPR profiles from Sites 1, 2, and 3 consistently indicate a shallow active layer
overlying frozen ground. The active layer, consisting of strong and continuous reflectors in the upper 1-
2.5 m, is the zone subjected to annual freeze-thaw cycles. Similar active layer thicknesses have been
reported from other high altitude permafrost areas of the Himalaya and Tibetan Plateau; Tso Kar Basin
seasonal thaw depth is primarily controlled by altitude, surface moisture, sediment texture, snow cover
and local topography (Gruber et al., 2017; Sah, K. 2025).

The variations in the depth and continuity of the active layer on the profiles are consistent with spatial
heterogeneity in thermal conditions resulting from ground moisture, vegetation cover, sediment type, and
micro-relief related to thermokarst and frost mound activity (Fig. 10). Such heterogeneity is critical in the
context of ongoing climate warming because localized thickening of the active layer can exacerbate
permafrost degradation and landscape instability. One of the main results of this investigation is the
discovery of large permafrost tables with high amplitude reflectors at depths of 1.5to 4 m. The
continuity of these reflectors imply relatively stable permafrost conditions over much of the area.
However, local variations in depth of the permafrost table indicate the presence of thermal anomalies
and that permafrost distribution in the basin is discontinuous. Similar observations from Arctic,
Antarctic, and Tibetan Plateau permafrost terrains suggest that local geomorphic and hydrological
processes play a dominant role in controlling permafrost thickness and thermal regime (Bockheim, J. G.
2015; Smith et al., 2022) In the Tso Kar Basin, thermokarst depressions, frost mounds, lithalsas and
variable sedimentary facies exert significant controls on ground thermal conditions and permafrost
preservation.

The internal cryostratigraphy of GPR images consisted of cyclical high and low amplitude reflections.
Such rhythmic stratification reflects repeated episodes of ground ice formation, sediment deposition,
and freeze-thaw reworking. The layered ice lenses, segregation ice and debris rich horizons imply that
the permafrost developed in a series of climatic and geomorphic episodes. The alternation of highly
reflective ice-rich layers and weakly reflective sedimentary layers may represent periods of increased
moisture availability and colder periods alternating with relatively warmer periods of enhanced sediment
influx and reduced ground ice. Consequently, the permafrost sequence of the Tso Kar Basin may
preserve an important archive of Quaternary climatic fluctuations in the NW Himalaya. The existence of
transitional zones beneath the active layer in profile-2 highlights a dynamic permafrost evolution in the
basin. Such transitional layers may serve as indicators of changing moisture regimes and past climatic
variability (Fig. 10).
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The localized deformation structures inferred from dipping reflectors in data, disrupted stratification, and
undulating horizons demonstrate ongoing cryogenic and geomorphic processes. These features are
considered to be the result of cryoturbation, frost heave, differential thaw settlement, solifluction, and
other periglacial mass movement processes. Similar deformation features have been reported from
Arctic and alpine permafrost terrains and are generally related to freeze-thaw and ground ice dynamics
(Haeberli et al., 2006; Hu et al., 2025; Streletskiy et al., 2025). In the Tso Kar Basin, these structures may
also reflect the influence of active tectonics along the nearby Tso Kar Fault and the Indus-Tsangpo
Suture Zone. The discovery of weak and chaotic reflections at deeper levels interpreted as taliks or
partially thawed ground is of particular importance under current climate conditions. Talik formation in
discontinuous permafrost regions is a symptom of permafrost degradation due to warming and
hydrological changes (Chen et al. 2020; Streletskiy et al. 2025). Expansion of talik zones may alter
groundwater flow pathways, enhance thermokarst activity, and increase slope instability (Jin et al., 2022;
Ke et al., 2025) Therefore, continuous monitoring of talik evolution in the Tso Kar Basin is essential for
assessing the future response of Himalayan permafrost to climate change.

From a broader cryospheric perspective, the study highlights the importance of Himalayan permafrost as
a sensitive indicator of environmental change. Despite covering large areas of the high Himalaya,
permafrost is poorly mapped and characterized when compared with the Arctic and Antarctic. The
present study is one of the few detailed cryostratigraphic studies from Ladakh and the only study to
provide valuable information on the spatial distribution and internal structure of Himalayan permafrost
(Fig. 10). Such information is essential to assess the impacts of climate change on water resources,
ecosystems, natural hazards and infrastructure in high mountain areas.

The primary implication of this study is to enhance our understanding for GPR data collection and
processing for Mars analogue research. The cold-arid Ladakh environment, with discontinuous
permafrost, thermokarsts, and ice-rich stratigraphy, is remarkably similar to that of Martian mid-latitudes.
The radar signatures of active layers, permafrost tables, ice lenses, and cyclic cryostratigraphic
sequences provide useful analogues for interpreting orbital and rover-based radar observations from
Mars. The strong dielectric contrasts found in the GPR profiles are similar in nature to the radar
contrasts measured by Mars radar instruments such as SHARAD, MARSIS, and RIMFAX. Therefore, the
present study provides a process based framework for interpreting subsurface ice distribution, climatic
cyclicity, and palaeoenvironmental archives on Mars. However, caution must be exercised while
extrapolating terrestrial observations to Martian environments because of differences in gravity,
atmospheric pressure, hydrological processes, and regolith properties.

The present preliminary investigation opens up several areas for future research to establish direct
relationships between radar facies, sedimentology, cryostructures, and ground ice. Validation of this kind
would revolutionize the confidence of cryostratigraphic interpretations. The long-term monitoring of
active layer thickness, ground temperature and moisture may start to assess permafrost degradation.
High-resolution remote sensing and UAV surveys should be used to map thermokarst landforms, frost
mounds, lithalsas and active geomorphic processes at the landscape scale. Such datasets could be
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used for regional-scale permafrost mapping and hazard assessment. The control of active tectonics on
distribution of permafrost landform and cryogenic processes in the area in relation to the Tso Kar Fault
and the Indus-Tsangpo Suture Zone should be studied. Knowledge of the tectonic controls on ground
thermal regimes can offer new insights into the interaction between the cryosphere and the Himalayan
tectonics. The Mars analogue potential of the Ladakh permafrost environment needs to be further
explored by experimental investigations in radar calibration, dielectric property measurements, microbial
survival, biosignature preservation, and rover scale investigations. Such studies would contribute
substantially to planetary science, astrobiology, and the development of future Mars exploration
missions.

7. Conclusion

The present study shows the potential of using GPR as a non-invasive, high-resolution tool for
investigating the internal structure and cryostratigraphy of permafrost in the high-altitude cold desert of
the Tso Kar Basin, Ladakh, NW Himalaya. The GPR investigations at three representative sites
successfully mapped the active layer, transitional zone, permafrost table, ice-rich permafrost horizons,
debris-rich zones, and deeper unfrozen or partially thawed (talik) zones. The GPR profiles indicate that
the permafrost in the Tso Kar Basin is stratified and well-developed with cryostratigraphic sequences
resulting from numerous freeze-thaw, ground-ice segregation, sediment deposition, and cryogenic
reworking. We conclude that the increase in the thickness of active layers, and the development of
transition zone and the presence of debris rich active layers in the GPR profiles reflect the progressive
degradation of permafrost in the Ladakh Himalaya. The alternating high and low amplitude reflections in
the GPR profiles further indicate cyclical changes in ice accumulation and sediment deposition, which
implies that the permafrost past dynamics as well as the ongoing degradation due to climate change.
The presence of ice lenses, debris horizons, and localized deformation features (cryoturbation and frost
related disturbances) further emphasize the dynamic interplay between climatic, geomorphic,
hydrological and possibly tectonic processes in shaping the permafrost landscape.

The discontinuous permafrost, spatially varied active layer, and deeper talik zones in the Tso Kar basin
indicate the region is highly vulnerable to ongoing climate warming. These results have significant
implications for the future permafrost degradation, thermokarst formation, ground instability, and related
environmental hazards in the Himalayan cryosphere. The study accordingly makes a significant addition
to the limited knowledge of distribution and subsurface characteristics of Himalayan permafrost, and
serves as a baseline dataset for monitoring and climate change assessments.

Also, the cold arid climate of Ladakh, with well preserved cold permafrost stratigraphy and thermokarst
features, makes it an important terrestrial analogue for Martian permafrost environments. The radar
signatures presented here offer a process-based understanding of interpreting subsurface ice
distribution, climatic cyclicity, and cryogenic structures imaged by Martian radar instruments like
SHARAD, MARSIS, and RIMFAX. Although careful extrapolations are required due to the disparate
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environments of Earth and Mars, this study shows the huge promise of Himalayan permafrost science
for planetary science, astrobiology and future missions.

The current study from Ladakh will help to calibrate the equipment for survey in similar Martian
conditions. The identification of permafrost table by sharp reflectors can indicate the ground ice stability
zone in martian conditions. Layered deposits on Mars particularly in polar layered terrain may help in
climate reconstruction that may represent the orbital-driven climate cycles such as Milankovitch. The
cyclostratigraphic reconstruction from the present study represents a process-based analogue for
interpreting martian stratified ice deposits. The frequency of GPR can be designed for a wide range to
bridge the gap between resolution verses depth tradeoffs. Besides these results, there are number of
challenges for Mars exploration, like uncertainty in signal attenuation, varying properties of martian
regolith and poorly constrained dielectric constants. Contrastingly, the Mars may lack active hydrological
cycling as the processes are dominated by sublimation and CO, frost dynamics that may pose
significant challenges to understand the processes. Therefore, the processes active and working the
martian environment needs to keep in mind while processing and interpretating the GPR signals. There
may exist a resolution related problem in the martian GPR data, as the thinner layers need higher
frequency antennas integrated with the rover setup. Thus, the GPR data with significant depth
penetration and resolution may serve as important evidence to understand the seasonal to millennial
cycle on Mars that although need careful comparison. The study further highlights the importance of
integrating geophysical investigations with geomorphological, sedimentological, geochronological, and
monitoring approaches to achieve a comprehensive understanding of permafrost evolution, climate
interactions, and cryosphere dynamics in both terrestrial and planetary environments.
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Figure 1

Vertically exaggerated view of martian permafrost from scalloped depressions in Mars' Utopia Planitia
region with distinctive surface textures of the landform that reflects sub-surface permafrost (HiRISE
image PSP_002439_2265), https://science.nasa.gov/resource/scalloped-terrain-led-to-finding-of-buried-
ice-on-mars.(b) Ground ice at the Phoenix Landing Site exposed in 50 cm pits excavated by the descent
thrusters under the lander (Phoenix image PIA11379) (Mellon et al., 2009).
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Figure 2

Location map showing the study area at Tso Kar.
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Figure 3

(a) Digital Elevation Map of Tso Kar showing both Tso Kar and Starsapuk lakes, lake catchment and
streams orders and surface expression of Tso-Kar fault (b) Rose diagram showing major stream
direction (N-S and NW-SE) (c) Rose diagram showing the trend of 1st order streams which are sensitive
to the ongoing tectonic deformation.
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Figure 4

(a) Satellite image of the Tso-kar basin showing landscape pattern (b) Map showing the Tso Kar,
surrounding periglacial landforms and the GPR traverses. The histogram shows elevation of the GPR
profiles where the lower elevation corresponds to the stratigraphically younger strata and the highest
elevation (paleoshorelines) corresponds to older strata.

Page 32/38



Figure 5

Field photographs showing (a) Geomorphic features (frost mounds and lithalsas), representing the
thermokarst-thaw conditions (b) Prominent geomorphic expression of Tso-Kar fault representing the
evidence of active tectonic deformation as a part of Himalayan mountain building and continuous
collosion.
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Figure 6

Field photographs showing (a) Site condition and survey layout at site-1 (GPR Profile-1) showing the
Antenna, and Control Unit and Survey Wheel for data acquisition the N-S represent the north and south
directions (b) Survey layout at site-2 (GPR Profile-2) representing prominent peri-glacial landscape with
surface expression of thermokarst (c) Survey layout at site-3 (GPR Profile-3) showing dry surface
condition, representing favourable condition for GPR data acquisition.
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Figure 7

GPR profile of site-1 showing the lateral and vertical variability in the signal with sub-surface permafrost
stratigraphy and structures. The sketch labeled to depict the interpretation without altering the GPR
profile. The profile starts from lake shoreline to the hill side, showing the active layer, permafrost table,
debris layer and unfrozen substratum. The sloping reflectors labeled in the sketch are the debris layer
and represent flow of coarse sediments from the adjacent slope to the lake during warm period. The
unfrozen substratum in the sketch represent the basement for this permafrost layers.
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Figure 8

GPR profile of site-2 showing the lateral and vertical variability in the signal with sub-surface permafrost
stratigraphy and structures. The sketch labeled to depict the interpretation without altering the GPR
profile. The profile is taken on a flat surface, showing prominent stratified layers and cryogenic features
like active layer, permafrost table, debris layer and unfrozen substratum. The profile shows small scale
deformations structures induced by gravity flow or due to post depositional processes.
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Figure 9

High-resolution GPR profile of Site-3 illustrating the vertical cryostratigraphic architecture comprising the
firn layer, active layer, and permafrost table. The labeled sketch depict the interpretation without altering
the GPR profile. The alternating high and low amplitude reflections represent interbedded ice and
sediment-rich layer formed under varying palaeoclimatic, geomorphic, and hydrological conditions. The
high reflections at a depth of 3-6m represent the burried ice having high reflections and cause the signal
loss.

Page 37/38



GPR Profila-3 GPR Profile-2 GPR Profile-1

(Active Layer over buried lce) (Transition over unfrozen ground) {Debris layer and uneven permatrost table)
T<ODegree Gufaca 0 De 1>0 Degree  T<0 D Grouwd 120 De Ground
Surface grea a e o irfacs Degres e T<0 Degree Surface 0 Degree 1=0 Dagres

Seasonally
Active Layer Seasanally Active Layer Seasonally Active Layer

v Active Layer Active Layer

| 4

Permafrost Tabl Permafrost Table | = -

. ' L
Y - « AL LT L) |

Buried Ice layer

|
|
|
Permafrost P
| Permafrost
|
. |
Frozen Ground | . M H
|
I Basal Basal Basal
I Cryopeg Unfrozen Ground Cryopeg Cryopeq
j
|
I

Figure 10

Schematic diagram illustrating the cryostratigraphic evidence and vertical cross-section of the three GPR
profiles showing a progressive spatial variability of permafrost conditions. The Profile-1 demonstrate the
stable permafrost with shallow active layer overlaying the well preserved frozen sub-surface; Profile-2
represent an intermediate stage showing an increase in the thickness of active layer due to seasonal
thaw resulting in the generation of transition zone and talik showing the partial degradation of
permafrost and; Profile-3 represent the advanced stage of permafrost degradation reflected by the
debris rich active layer over an discontinuous and irregular permafrost table (Profile-1,2&3 corresponds
to Site-1,28&3 respectively).
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