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Abstract. Permafrost is degrading, raising concerns about its impact on global climate. Taliks, year-round unfrozen layers of 

ground in permafrost environments, affect Arctic hydrological and carbon dynamics and contribute to permafrost 

degradation. Despite their importance, they are seldom studied because of the difficulty in identifying them. Water tracks 15 

(zones overlying permafrost concentrating water flow) have an important role in controlling catchment hydrology, yet their 

contribution to talik formation remains poorly understood. The objective of this study is to detect and characterize 

suprapermafrost taliks in three-dimensions at high spatial resolution (dm-scale), with a specific focus on those located 

beneath water tracks. Fieldwork was conducted in a discontinuous permafrost area near Eight Mile Lake, Alaska (USA), 

during winter using a Ground-penetrating radar with a 600 MHz antenna. Ground-penetrating radar proved to be a reliable 20 

tool for imaging talik depth and extent. While talik tops were clearly detected with a root mean square error of 17 cm, their 

bottoms were less identifiable due to limited signal penetration. Both isolated and lateral suprapermafrost taliks were 

observed at the site. Importantly, taliks were more present, shallower and thicker in water tracks than in their adjacent areas. 

Additionally, thicker snow cover and topographic depressions were significantly associated with shallower taliks (respective 

significant correlations of -0.65 and 0.53). Water tracks thus appear to be hotspots for talik formation and expansion, with 25 

important implications for winter subsurface hydrological connectivity. These findings highlight the need for increased 

attention to the processes occurring during the winter in the water tracks environments. 

1 Introduction 

Permafrost is warming globally (Biskaborn et al., 2019), raising concerns about its potential impacts on the global climate. 

Cryosols are composed of permafrost, defined as ground that remains below 0 °C for at least two consecutive years 30 

(Permafrost Subcommittee, 1988), and an active layer, the upper soil layer that freezes and thaws annually (Boike et al., 
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1998). Soils in permafrost regions play a key role in the global carbon cycle, as they store approximately 1460-1600 Gt of 

organic carbon within the upper 3 meters of soil (Burn et al., 2024). Rising Arctic temperatures are accelerating permafrost 

thaw, enabling the decomposition of previously frozen organic carbon and releasing greenhouse gases, mainly carbon 

dioxide and methane. This process may reinforce climate change through what is known as the permafrost carbon feedback 35 

(e.g., Koven et al., 2011; Schuur et al., 2015). Most climate models focus on greenhouse gas emissions associated with 

summer active layer thaw, although emissions can continue during winter, which remains understudied (Lyu et al., 2024; 

Natali et al., 2019).  

 

These winter emissions may be linked to the presence of taliks, defined as layers of ground remaining unfrozen all year 40 

within permafrost areas (Permafrost Subcommittee, 1988). They can form close to water bodies retaining heat in winter 

(Lamontagne-Hallé et al., 2018), near infrastructure such as gas pipelines (Wang and Niu, 2024), or following wildfires (Rey 

et al., 2020). Taliks can also appear when the active layer summer thaw exceeds the winter refreezing, a process often 

induced by rising temperatures (Devoie et al., 2019; Schuur et al., 2008). These latest taliks are thus located between the 

active layer and the permafrost. The classification of taliks remains unclear, as several studies propose varying terminologies 45 

(Wang and Niu, 2024). In this study, we adopt the definition of suprapermafrost taliks, referring to taliks located above 

permafrost, which are classified as either ‘isolated’ when they are surrounded by frozen ground, or as ‘lateral’ when they are 

connected to surrounding groundwater (O’Neill et al., 2020; Permafrost Subcommittee, 1988). Recent studies indicate an 

increasing occurrence of taliks in the discontinuous permafrost zone (Farquharson et al., 2022), along with an expansion in 

their spatial distribution (Connon et al., 2018). Talik formation and expansion is favored by high soil moisture, thick snow 50 

layer, and warmer soil surface temperatures (Devoie et al., 2019).  

 

The presence of taliks has important consequences: organic carbon within taliks continues to decompose in winter, as 

microbial activity persists in unfrozen conditions when water is available (Arndt et al., 2023; Devoie et al., 2024). Natali et 

al. (2019) report increasing carbon emissions during winter months, and Parazoo et al. (2018) estimate that taliks could emit 55 

up to 50 Pg of carbon by 2200. Additionally, laterally connected taliks enable year-round delivery of dissolved organic 

carbon to inland waters (Walvoord et al., 2019). Another major impact of taliks is their contribution to increased vertical 

permafrost thaw and the acceleration of permafrost degradation (Connon et al., 2018; Devoie et al., 2019). Despite these 

impacts, current permafrost models typically omit the presence of taliks, especially those associated with lateral hydrologic 

movement, thereby underestimating their potential influence on carbon dynamics (Arndt et al., 2023; Devoie et al., 2019; 60 

Natali et al., 2019). One of the reasons is that taliks are difficult to observe directly, making their characterization 

challenging (Wang and Niu, 2024). Current work on mapping the spatial extent of taliks relies on thermal, mechanical and 

geophysical measurements, as well as modelling (O’Neill et al., 2020). Each method has its own advantages and limitations, 

and a combination of approaches is often recommended (Wang and Niu, 2024). It is therefore essential to determine taliks 

spatial extent in order to quantify the amount of organic carbon that can potentially be degraded.  65 

https://doi.org/10.5194/egusphere-2025-4667
Preprint. Discussion started: 27 October 2025
c© Author(s) 2025. CC BY 4.0 License.



3 

 

 

Water tracks are other important permafrost features, defined as unchanneled zones overlying permafrost that concentrate 

water flow downslope (Del Vecchio and Evans, 2025). They connect hillslopes to inland waters and act as conduits for 

enhanced groundwater flow (Evans et al., 2020). Compared with adjacent areas, water tracks have higher soil moisture and 

thicker snow cover (Del Vecchio and Evans, 2025). They may therefore be preferential sites for talik formation (Tananaev et 70 

al., 2021), but direct field evidence is currently lacking. Investigating this process is crucial because of its potential impact 

on catchment hydrology year-round. 

 

Several geophysical methods are commonly used to map permafrost and identify transitions between ground layers 

(Walvoord and Kurylyk, 2016). Among these methods, Ground-penetrating radar (GPR) is a non-invasive technique that 75 

transmits very high to ultra-high frequency electromagnetic waves into the ground. These waves are reflected partially as 

they encounter a contrast in the dielectric properties of the media they propagate through (Doolittle, 1987). The reflected 

signals are then analyzed to image subsurface structures (Neal, 2004). Ground-penetrating radar is particularly effective for 

mapping thermal interfaces due to the dielectric permittivity contrasts between frozen and unfrozen layers (Moorman et al., 

2003). As a result, it is widely used to determine permafrost depth (Walvoord and Kurylyk, 2016). It also enables the 80 

determination of snow thickness (Kneisel et al., 2008) and the depth of organo-mineral transition (e.g., Henrion et al., 2024). 

It offers several advantages, including rapid and non-destructive data acquisition. Ground-penetrating radar measurements 

along a transect provide two-dimensional data (position along the line and depth), while measurements on a closely spaced 

rectilinear grid yield three-dimensional data (mapping X and Y positions along with depth). Three-dimensional GPR surveys 

have attracted considerable interest (e.g., Kneisel et al., 2008), as they provide more detailed subsurface imaging. The 85 

application of GPR in permafrost environments presents several challenges. These include strong lateral variations in 

dielectric permittivity, difficulties in detecting steep frozen-unfrozen interfaces (> 45°), and the presence of ice lenses 

leading to chaotic reflections (Moorman et al., 2003). Additionally, soil cores are needed for subsurface verification, which 

can be challenging under winter conditions (Kneisel et al., 2008). 

 90 

Given the challenges associated with characterizing taliks, GPR has been increasingly used to detect and map them. A 

majority of studies using GPR to detect talik has focused first on those located beneath rivers and lakes (Arcone et al., 

1998b; Stevens and Moorman, 2008; You et al., 2017), as they are easier to target (Wang and Niu, 2024). Later studies have 

expanded to taliks found in discontinuous permafrost regions (Jones et al., 2016; Popov et al., 2025; Sjöberg et al., 2015; 

Yoshikawa and Hinzman, 2003). Ground-penetrating radar is particularly effective for detecting suprapermafrost taliks, as 95 

they generate strong radar reflections (O’Neill et al., 2020). Most GPR studies on taliks have applied two-dimensional 

imaging with frequencies ranging from 100 to 500 MHz, mostly conducted in the spring and summer months. These studies 

are often complemented by electrical resistivity tomography, soil cores and temperature boreholes for validation (O’Neill et 

al., 2020; Sjöberg et al., 2015). To our knowledge, no study has yet applied close-spaced rectilinear GPR measurements in a 
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grid for three-dimensional imaging of taliks. Though this approach has been widely applied in other related contexts; for 100 

instance, to map snow thickness and subsurface ice structures (Munroe et al., 2007), and active layer depth (Brosten et al., 

2009; Sudakova et al., 2021). The use of grids is particularly valuable for interpreting the geometry of complex subsurface 

features (Moorman et al., 2003). This seem thus essential for accurately imaging taliks, which are key three-dimensional 

structures. Importantly, the link between water tracks and talik presence remains poorly quantified, and 3D GPR offers a 

promising approach to address this knowledge gap.  105 

 

In this study, we present an innovative three-dimensional mapping of taliks beneath water tracks using a GPR equipped with 

a 600 MHz center-frequency antenna. Our survey was conducted during the winter season at Eight Mile Lake, Alaska 

(USA), a site representative of discontinuous permafrost conditions. By providing new insights into the structure and spatial 

extent of taliks, our work aims to advance the understanding of their development along water tracks. Specifically, we aim to 110 

(1) detect and map the presence of taliks, (2) determine the depth of their upper and lower boundaries, and (3) discuss the 

implications of their distribution along water tracks in the context of ongoing permafrost degradation. 

2 Methods 

2.1 Study site 

The study site, referred to as the “Permafrost Thaw Gradient” site, is located near Eight Mile Lake (63.87° N, 149.25° W), 115 

Alaska (USA), at an altitude of 700 m. The mean annual air temperature is -0.94 °C, and the average annual precipitation is 

381 mm (2007-2017, National Climatic Data Center, National Oceanic and Atmospheric Administration). It is located in the 

discontinuous permafrost zone, with permafrost widespread at the study site. Permafrost in the area is degrading through 

gradual thaw, active layer deepening, ground subsidence and water table rise (Osterkamp et al., 2009; Plaza et al., 2019; 

Rodenhizer et al., 2020). The terrain has a gentle 4° slope. The soil is a Histic Turbic Cryosol according to the World 120 

Reference Base (WRB) system. It is composed of an organic horizon (20-55 cm thick, > 20 % carbon content) over 

cryoturbated mineral soil derived from glacial till and loess (Hicks Pries et al., 2012; Osterkamp et al., 2009; Vogel et al., 

2009). Vegetation is dominated by the sedge Eriophorum vaginatum, small shrubs and Sphagnum spp. mosses (Mauclet et 

al., 2022; Schuur et al., 2007). The active layer generally ranges from 50 to 80 cm (Schuur et al., 2021) but can extend to 200 

cm in subsided water tracks. 125 

 

The “Gradient” site has been monitored for over 30 years to study permafrost thaw. It is characterized by variations in 

vegetation and active layer thickness (Osterkamp et al., 2009). A permafrost degradation gradient has been established with 

increasing active layer depth, ranging from minimal (Min) to moderate (Mod) and extensive (Ext) degradation (Fig. 1), 

evolving from little site disturbance to shallow thermokarst depressions to larger depressions, respectively (Osterkamp et al., 130 

2009; Schuur et al., 2009). Another interest within the study site is the presence of water tracks, visible on aerial imagery 
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(Fig. 1). The main water track of the study site starts near the Ext position. Water tracks have expanded upslope in the 

watershed since 1954 (Rodenhizer et al., 2022). They are often combined with subsidence, due to the melting of permafrost 

ice (Del Vecchio and Evans, 2025). In this study, these features will be referred to as water tracks because, although they can 

exhibit steep banks and depressions ranging from 0 to 80 cm in relief, their beds are vegetated and no sediments are present 135 

along the flow path (Del Vecchio and Evans, 2025). Compared to the surrounding area, water tracks at the study site have 

deeper permafrost, a thicker superficial organic-rich horizon (Monhonval et al., 2023), and support dense vegetation 

(Rodenhizer et al., 2022). 

 

Figure 1: Map of the study site near Eight Mile Lake (Alaska, USA). Ground-penetrating radar measurements were conducted 140 
along the grey transect in two dimensions, following a permafrost degradation gradient from minimal (Min), to moderate (Mod) 

and extensive (Ext). Three-dimensional data were collected at seven locations along a water track using grids (black squares). 

White dots indicate manual coring locations. Base map: Esri, Maxar, Earthstar Geographics, GIS User Community. 
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2.2 Field campaign conditions 145 

The data collection was carried out from February 26th to March 5th 2024. This period corresponds to the Deep Cold phase, 

defined by Olsson et al. (2003) as a period during which the active layer has refrozen to its maximum extent. The soil 

temperature sensors installed at the study site (Teros12, METER Group, München, Germany) recorded an annual minimal 

temperature at 60 cm depth two weeks after the data collection and the minimal annual temperatures at 10 and 30 cm depth 

during the field campaign (Fig. 2a). The campaign was thus conducted at a period close to the annual minimum soil 150 

temperature to ensure maximum active layer refreezing and thus allowing optimal detection of any residual talik. It is worth 

noting that an episode of warmer air temperature appeared two weeks before the field campaign which may have caused a 

part of snow to melt. Air temperature (ZL6 data logger, METER Group, München, Germany) during the field campaign 

ranged from -33 to 0 °C (Fig. 2b). 

 155 

Figure 2: Evolution of soil and air temperature at the study site (Ext position) from January to April 2024. The period of the field 

campaign is indicated. a) Soil temperature at depths of 10, 30 and 60 cm. b) Air temperature. 

2.3 Study design 

Ground-penetrating radar data collection included two types of measurement extent. First, a two-dimensional GPR profile 

was conducted along a 900 m transect (Fig. 1) following the degradation gradient identified in previous studies (e.g., 160 

Osterkamp et al., 2009). Second, three-dimensional GPR data from seven rectilinear grids distributed along the main water 

track of the site were conducted (Fig. 1). In situ validation was achieved using two soil cores collected along the transect and 

seven cores collected along the water track. Each soil core sampling location was aligned with a vertical GPR slice for 

validation of the interfaces of interest detected on the GPR images (snow-frozen soil, frozen soil-top of the talik, bottom of 

the talik-permafrost). Both grids and soil cores have been ordered along a sequence of increasing degradation level based on 165 

permafrost depth (from shallow to deep) and position along the slope (from upslope to downslope). The least degraded cores 

are Min then Mod, both located on the transect and on the upslope part of the site, two areas of the intensively monitored 
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“Gradient” site. Grids are then arranged in order of position along the slope as follows: Grid 1, Grid 2 and Grid 3 in the 

upslope area; Grid 4, Grid 5 and Grid 6 in the middle slope area; Grid 7 in the downslope area. Grids 1 and 2 are situated 

near the initiation zones of water tracks, in areas with scattered surface subsidence, whereas Grids 3 to 7 are located 170 

distinctly on water tracks. 

2.4 Ground-penetrating radar measurements 

2.4.1 Ground-penetrating radar survey setup 

In this study, we used a RIS MF Hi-Mod GPR (IDS Georadar, Pisa, Italy) equipped with a 600 MHz center-frequency 

antenna. The positions of radar measurements were recorded using an EMLID Reach RS+ differential GPS (EMLID, 175 

Budapest, Hungary) at a frequency of 1 second. The radar was mounted on a sledge (Fig. 3a). Given the low air temperatures 

encountered (Fig. 2b), the main radar components were insulated using foam. The GPR measurements were acquired at a 

rate of 72 traces per second. The sledge was pulled manually at a speed of approximately 1.5 to 2 km h-1 (Fig. 3b), resulting 

in GPR measurements spaced roughly every 7 mm. First, GPR measurements were acquired in two dimensions along the 

transect. Then, three-dimensional measurements were acquired in grids at seven locations along the water track. Grid areas 180 

ranged from 350 to 1515 m2, with line spacing between 1 and 2 m (precise dimensions of the grids provided in Table A. 1. 

Data processing is composed of five main steps described below: (1) cleaning the GPS data, (2) post-processing each 2D 

GPR image, (3) selecting the interfaces of interest on each 2D image, (4) combining the 2D images of the grids to generate 

3D data, and (5) estimating the relative dielectric permittivities (r) of snow, frozen active layer and taliks to determine the 

depths of the selected interfaces. The data processing was performed using the Geolitix software (Geolitix Technologies Inc., 185 

Vancouver, Canada). 

 

https://doi.org/10.5194/egusphere-2025-4667
Preprint. Discussion started: 27 October 2025
c© Author(s) 2025. CC BY 4.0 License.



8 

 

Figure 3: Ground-penetrating radar device configuration and measurements. (a) The sledge contains the GPR device, composed of 

the radar connected to the antenna, a battery and a computer. An external GPS is also mounted on the sledge. Insulation was 

applied around the key components to protect them from the cold, and a cap was placed on the sledge during measurements. (b) 190 
Measurement procedure on a grid. 

2.4.2 Ground-penetrating radar data processing 

First, GPS data were filtered to exclude low-accuracy positions, with a maximum Horizontal Dilution of Precision (HDOP) 

of 2 and a minimum of 6 satellites. The locations were then smoothed using a moving average window of 10. Finally, the 

terminal sections, where the GPR turned at the grid limits, were removed from the dataset.  195 

 

Second, the GPR images were visualized with two-way travel time on the vertical axis, representing depth in time, and linear 

distance on the horizontal axis, after resampling traces to be equidistant every 1 cm. The following processing steps were 

applied to the GPR data to optimize image visualization (Daniels, 2004): (1) time-zero correction, to remove the signal 

before the soil surface, using the “find positive peak” method; (2) band-pass frequency filtering from 120 to 1500 MHz, to 200 

reduce noise in the data; (3) dewow filtering, to remove low frequency noise; (4) background subtraction, to remove 

horizontal artifacts caused by antenna ringing; (5) gain adjustment, to enhance contrast at greater depths, using the “energy 

decay” method based on the mean amplitude decay curve; (6) constant gain of 16 dB, to amplify contrasts; (7) time cut at 30 

ns, as deeper data were too noisy. To facilitate the identification of specific interfaces, a Sobel transform, an edge detection 

method that computes the gradient of the image intensity (Daniels, 2004), was temporarily applied for visual inspection. 205 

 

Third, the interfaces of interest were identified and selected. These interfaces include: snow – frozen soil surface, frozen soil 

– talik top, talik bottom – permafrost. These interfaces are expected to appear in the GPR images as zones of strong 

reflection, due to the high electromagnetic contrast between the horizons. They were manually selected when clearly 

identifiable using the “horizon interpretation” tool. While Geolitix provides an algorithm for automatic horizon delineation, 210 

it introduces small-scale noise in the depth data and was therefore not used. Nevertheless, our manual picking was compared 

with the algorithm’s results to ensure consistent overall patterns.  

 

Fourth, the depth of the interfaces of interest was mapped continuously in the grids using the “depth grid” and the “thickness 

grid” features. This was achieved based on the interfaces selected in each GPR image and kriged with a cell size of 10 cm, a 215 

search radius of 2.5 meters, and a moving average with a window width of 3 cells. When an interface, such as the talik top, 

was not continuous, the interpolation was cut with a diameter of 1.25 m around the identified features. This allowed the 

creation of snow thickness maps, as well as maps of the depth of the top of the taliks. For talik detection, the percentage of 

the grid area where taliks were found was then calculated. Horizontal planar slices were also extracted from the three-

dimensional GPR data. This helps identify areas with uniform amplitudes and contrasts in the subsurface across the area of 220 

interest. The slices were generated after applying a Hilbert transform to the data, which removes the negative component of 
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the GPR traces (Daniels, 2004). These horizontal slices are presented in this study at the depths corresponding to the upper 

part of the taliks when present, to highlight their position and the heterogeneity of the subsoil. Zones of high amplitude on 

these horizontal slices represent generally areas of higher soil moisture.  

2.4.3 Determination of the relative dielectric permittivities of the subsurface layers 225 

The relative dielectric permittivities (r) of the subsurface layers identified on the GPR images were estimated to enable the 

estimation of their depths. The r indeed controls the wave propagation speed, and enable to convert time taken by the waves 

to reach an interface to depth. To estimate the r of the different layers, different methods were used and compared: (1) 

literature values, (2) on-site measurements using Teros12 sensors placed at three positions in the study site, with depths 

ranging from 0 to 60 cm, and (3) theoretical hyperbola fitting in Geolitix (e.g., Ardekani et al., 2014). A summary of the 230 

results from these methods is presented in Table 1. The first layer of interest is snow. Snow density measurements on-site 

yielded an approximate density of 0.26 g/cm3. According to previous studies, this corresponds to a r ranging from 1.4 to 1.5 

(Di Paolo et al., 2018; Evans, 1965; Hallikainen et al., 1986). The r estimation based on the hyperbola forms gives a mean of 

1.5. Therefore, a r of 1.5 was chosen for snow, as it aligns with both methods. The second layer of interest is frozen soil. 

Literature values for r range from 3 to 9, with most values around 5 - 5.5 (Arcone et al., 1998b; He and Dyck, 2013; Hinkel 235 

et al., 2001; Kneisel et al., 2008; Moorman et al., 2003; Munroe et al., 2007; Ortet et al., 2025; Watanabe and Wake, 2009). 

The Teros12 sensors measured a r of 5. The mean r based on the hyperbola method was 5.4. As a result, a r of 5 was 

chosen for frozen soil, aligning well with these three methods. The third layer of interest is unfrozen soil, corresponding to 

taliks. The r of taliks can vary greatly depending on their water content (with higher humidity leading to higher r) and is 

expected to exhibit more variability than frozen soil. Literature values for r are 17 (Pan et al., 2014), 25 (Kneisel et al., 240 

2008), 30 (Arcone et al., 1998b), and 50 (Moorman et al., 2003), depending on the actual soil moisture. The hyperbola 

method on upslope grids (Grids 1, 2, 3) gave a mean r of 11, while the mean for the middle slope grids (Grids 4, 5, 6) was 

26. This method was not feasible on Grid 7 (downslope), but note that water ponding was visible there, indicative of 

waterlogged conditions. Generally, a moisture gradient was observed in the taliks as one moved down the water track. Based 

on these observations, the r for the taliks was estimated as follows: 15 upslope (Grids 1, 2, 3), 25 for the middle slope (Grids 245 

4, 5 ,6), and 40 downslope (Grid 7). These values correspond to volumetric water contents of 0.28, 0.40, and 0.51, 

respectively, following Topp and Davis (1985) calibration for mineral soils, or of 0.35, 0.51, and 0.70 using the Pepin et al. 

(1992) calibration for peat soils.  
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Table 1: Estimation of the r of the different subsurface layers based on literature, Teros12 sensors, manual hyperbola detection 250 
and final choice for this study. 

Layer 

Relative dielectric permittivity (dimensionless) 

Literature Teros12 Hyperbolas (mean ± 

sd) 

Final choice for 

this study 

Snow 1.4 - 1.5 NA 1.5 ± 0.5 (n=19) 1.5 

Frozen soil 3 to 9 (mainly 5 - 

5.5) 

5 4.7 ± 3.3 (n=56) 5 

Taliks upslope (Transect, 

Grids 1, 2, 3) 

17 to 50 NA 

11 ± 9 (n=14) 15 

Taliks middle slope (Grids 

4, 5, 6) 

26 ± 16 (n=24) 25 

Taliks downslope (Grid 7) NA 40 

2.5 Soil coring 

Nine soil cores were collected using a gas-powered auger along the transect and the water track (Fig. 1). The position of 

these cores was recorded using a non-differential GPS (inReach Mini 2, Garmin Ltd., Olathe, USA) with a 5 m resolution. 

For each soil core, the snow depth was measured. The depth of the top and the bottom of the talik, when present, was 255 

recorded. For the transect of interest, the snow depth was also measured every 20 m.  Knowing the depth of the transition 

between organic and mineral layers in the subsoil is important when interpreting GPR images, as this interface can also 

generate wave reflections (Henrion et al., 2024).  However, it was not clearly identifiable on the collected soil cores. 

2.6 Local topographic site data 

For each GPR grid, the topographic position index (TPI) was used to indicate whether a location lies on a flat area, a ridge, 260 

or a valley by comparing its elevation to the mean elevation of the surrounding area (Weiss, 2001). The TPI at each point 

was calculated based on its elevation relative to the surrounding 25 m, with a 20 cm resolution. A positive TPI indicates a 

ridge and a negative one a valley. The same color scale was used across the entire study site to allow comparison of the 

amplitude of subsided areas. 

3 Results 265 

3.1 Soil cores description 

The different layers observed in the soil cores were snow, frozen active layer, talik (when present), and permafrost (Fig. 4). 

A clear pattern appears in permafrost depth along the degradation sequence (defined in Sect. 2.3): it is shallowest at Min (50 

cm), intermediate at Mod, core 1, and core 2 (85-90 cm), and reaches greater depths in cores 3 and 4 (130 and 104 cm, 

respectively). In cores 5, 6, and 7, permafrost was not reached with the probes and was below 100, 112, and 180 cm, 270 

respectively. Snow depth also reflects site degradation. It remains low (< 30 cm) in areas non-affected by subsidence, 
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namely Min, Mod, and cores 1 and 2. In contrast, it is higher (> 50 cm) in subsided zones (cores 3 to 7). Regarding the 

presence of taliks, they were only observed on cores collected along the water track. Their upper boundary is progressively 

shallower along the degradation sequence, from a maximum depth of 67 cm in core 1 to a minimum one of 13 cm in core 7 

(Fig. 4). Core 5 is an exception because it was located on the border rather than in the center of the water track. The talik 275 

thickness is also increasing along the sequence, with a minimal one in core 1 (18 cm) and a maximum one in core 7 (> 165 

cm). It is worth noting that the observed humidity of these taliks is also increasing while going downslope. To summarize, 

the degradation sequence presented is characterized by increasing snow thickness, decreasing depth to the top of talik, and 

increasing talik thickness, from the least to the most degraded zone. 

 280 

Figure 4: Stratigraphic profiles of the soil cores collected around the study site, arranged from left to right following the defined 

degradation sequence. The different layers identified are shown: snow, frozen soil, talik (if present), and permafrost. Where the 

permafrost depth is not indicated, it extends below the bottom of the core. 
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3.2 Ground-penetrating radar transect 285 

Two dimensional GPR data were first acquired along a transect following a degradation gradient (Fig. 1). The snow depth 

along the transect ranged from 7 to 74 cm, with a mean of 31 ± 12 cm. Taliks were identified along certain segments of the 

transect, more specifically on 35 % of the transect between the Ext and Mod positions and on 10 % between Mod and Min. 

The depths to the top of these taliks ranged from 18 to 102 cm with a mean of 51 ± 14 cm. Where the upper interface of 

taliks was detected, the lower boundary could also be identified over 18 % of these segments, allowing for an estimation of 290 

talik thickness. However, this estimation should be interpreted with caution as it depends strongly on the r of the talik, 

which was only approximated (here at 15) and varies spatially. The estimated talik thickness ranged from 7 to 57 cm, with a 

mean of 29 ± 13 cm. 

 

Figure 5 presents three 70 m long GPR sections realized near the Ext, Mod, and Min sites of the “Gradient”. At the Ext site 295 

(Fig. 5a), upper talik interfaces were identified at three locations corresponding to subsided areas. Taliks tops lie at depth 

between 19 and 87 cm, and their thickness ranged from 17 to 56 cm. The taliks in this area appear to be isolated and 

restricted to local subsidence zones. At the Mod site, no talik was observed on the soil core. However, the GPR image 

suggests the close presence of a talik (Fig. 5b) at depths between 24 and 48 cm, in a zone associated with surface subsidence. 

Taliks in this zone seem more sporadic and confined to isolated depressions and are less frequent than at the Ext site. At the 300 

Min site, no talik was detected (Fig. 5c), which is consistent with the soil core. However, some interfaces of higher 

reflectivity were observed, which may correspond to the upper permafrost boundary if it has different electromagnetic 

properties than the frozen active layer. While no talik appears to be present in this area, it is noteworthy that the soil structure 

seems highly heterogeneous, with multiple localized reflection hyperbolas, possibly linked with ice content. 
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 305 

Figure 5: Three vertical 70 m long GPR slices from the transect crossing the “Gradient” site, with the interfaces of interest 

displayed. a) Slice in the Ext zone, the presented soil core is core 2. b) Slice in the Mod zone, the presented soil core is core Mod. c) 

Slice in the Min zone, the presented soil core is core Min. 
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3.3 Upslope GPR grids 310 

Grids 1 and 2 are located in a mostly flat area exhibiting small, localized subsidence features (Fig. B.1a, Fig. 6a), whereas 

Grid 3 lies at the onset of a water track (Fig. B.2a). The horizontal GPR slices from Grids 1 and 2 reveal discrete zones of 

higher reflection that do not clearly correspond to the subsided areas but suggest a heterogeneous subsurface (Fig. B.1b, Fig. 

6b). In contrast, in Grid 3, the areas of higher reflection approximately follow the water track path, potentially indicating 

higher water content (Fig. B.2b). Snow thickness in the upslope area ranges from 3 to 98 cm, with mean values of 25 cm for 315 

Grids 1 and 2, and 41 cm for Grid 3 (Table 2). Thicker snow is observed in subsided areas (Fig. B.1c, Fig. 6c) and in the 

water track (Fig. B.2c). 

 

Taliks were detected across 50 %, 90 % and 75 % of the grids area in Grids 1, 2, and 3, respectively (Table 2). Talik tops 

were identified at depths ranging from 19 to 89 cm, being slightly shallower in Grid 3 (mean of 50 cm) compared to Grids 1 320 

and 2 (means of 56 and 55 cm, respectively, Table 2). These depths are close to the mean ones found on the transect, also 

located on the upslope part of the site. Taliks appear shallower in areas with greater subsidence and thicker snow cover and 

are particularly shallow (< 40 cm) along the water track path in Grid 3 (Fig. B.1d, Fig. 6d, Fig. B.2d). Talik bottoms were 

identified in portions of Grids 1 and 2, covering respectively 70 % and 50 % of the area where talik tops were detected. 

Estimated talik thickness ranges from 7 to 68 cm in Grids 1 and 2, with respective mean values of 26 cm and 33 cm (Table 325 

2), close to the mean thickness of taliks detected on the transect. Talik bottoms were not identified in Grid 3, but taliks are 

expected to be thicker there, especially along the water track (70 cm thick talik at the soil core location).  

 

The soil core in Grid 2 aligns well with the three interfaces identified with the GPR: snow-frozen soil interface, frozen soil-

top of the talik interface, and bottom of the talik-permafrost interface (Fig. 6e). In Grid 3, a slight discrepancy appears 330 

between the identified frozen soil-talik interface on the GPR slice and the soil core data (Fig. B. 2e), suggesting a positioning 

error or an overestimation of the talik top depth identified with the GPR in the water track. 
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Figure 6: Results of the GPR measurements for Grid 2 (upslope). a) Topographic position index showing areas of subsidence. b) 

GPR horizontal slice at 14.3 ns two-way travel time, highlighting zones of strong reflections. c) Snow thickness derived from the 335 
GPR data. d) Depth of the top of the talik as interpreted from the GPR images. The grey area indicates locations where no talik 

was present or where it could not be identified with sufficient certainty. e) Vertical GPR slice at the soil core location, with visible 

interfaces of interest. 
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Table 2: Main variables derived from soil cores and GPR measurements (snow thickness, top of talik depth, talik thickness and 

permafrost depth). The percentage of each grid area where taliks were detected is also presented, as well as the percentage of the 340 
grid area with an identified talik top where the talik bottom was also detected. For GPR-derived measurements, the range of 

values encountered in the grids is presented along with the grid mean, following this format: min – max (mean). A precise 

comparison between the depths of the horizons of interest in the grids and on the GPR images is provided in Fig. 9. 

  Upslope Middle slope Downslope 

Variable Method Grid 1 Grid 2 Grid 3 Grid 4 Grid 5 Grid 6 Grid 7 

Snow thickness 

(cm) 

GPR 
5 – 63 

(25) 

5 – 67 

(25) 

3 – 98 

(41) 

19 – 112 

(61) 

11 – 111 

(44) 

9 – 125 

(51) 

12 – 119 

(56) 

Soil core 30 20 65 63 50 50 80 

% of grid area 

where talik is 

detected 

GPR 

50 % 90 % 75 % 90 % 75 % 60 % 85 % 

Top of talik depth 

(cm) 

GPR 
25 – 85 

(56) 

30 – 85 

(55) 

19 – 89 

(50) 

20 – 70 

(42) 

19 – 83 

(43) 

13 – 76 

(33) 

11 – 87 

(45) 

Soil core 67 58 60 34 60 27 13 

% of area with talik 

top detected where 

talik bottom is 

identified 

GPR 

70 % 50 % 0 % 0 % 30 % 0 % 0 % 

Talik thickness 

(cm) 

GPR 
10 – 53 

(26) 

7 – 68 

(33) 

  15 – 58 

(38) 

  

Soil core 18 31 70 70 > 40 > 85 > 167 

Permafrost depth 

(cm) 
Soil core 

85 89 130 104 > 100 > 112 > 180 

 

3.4 Middle slope GPR grids 345 

Grids 4 and 5 are both located in places where water track arms converge. Grid 4 includes a well-defined water track arm in 

the west and an area of ongoing degradation in the east (Fig. B. 3a), while Grid 5 is composed of two distinct water track 

arms separated by a ridge (Fig. 7a). Grid 6 is located directly downslope from Grids 4 and 5, just below the convergence of 

three water track arms (Fig. B. 4a). As a result, the water track is wider there, and the grid size was increased accordingly. 

Horizontal GPR slices show partial correspondence with the water track paths: some areas of high reflection amplitude are 350 

located within these water tracks, suggesting increased water content, although this association is not systematic (Fig. B. 3b, 

Fig. 7b, Fig. B. 4b). Snow thickness is higher than in the upslope area and ranges from 9 to 125 cm, with mean values of 61, 

44, and 51 cm for Grids 4, 5, and 6, respectively (Table 2). In all three grids, snow thickness shows a good agreement with 

the subsided areas of the water tracks (Fig. B. 3c, Fig. 7c, Fig. B. 4c). 

 355 

Regarding talik presence, an interface corresponding to talik tops was identified almost everywhere (> 90 % of the area) in 

Grid 4 (Fig. B. 3d). In Grid 5, taliks were identified in both water track arms (covering approximately 75 % of the grid area), 

but were absent on the elevated ridge separating them (Fig. 7d). In Grid 6, talik identification was limited to 60 % of the total 
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grid surface (Fig. B. 4d), largely because almost no taliks were detected outside the water track. Nevertheless, their presence 

in these areas is likely, with the absence of detection probably resulting from a masking effect caused by strong GPR 360 

reflections within the water track. Talik tops were found at depths ranging from 13 to 83 cm in the middle slope area, with 

the shallowest values in Grid 6 (mean of 33 cm) compared to Grid 4 and 5 (mean of 42 and 43 cm, Table 2). In Grid 4, no 

clear spatial pattern appears in the talik depth except for a zone with deeper taliks along the eastern edge of the western water 

track (Fig. B. 3d). The zone of Grid 4 seems quite heterogeneous and in ongoing degradation. In Grids 5 and 6, talik depths 

align with the water tracks, with taliks generally shallower than 40 cm in Grid 6 and 50 cm in Grid 5 in the water tracks (Fig. 365 

7d, Fig. B. 4d). In the middle slope area, talik bottoms were only identified in Grid 5 (in 30 % of the areas where their top 

was detected). Taliks were 15 to 58 cm thick (mean of 38 cm, Table 2) and were thinner (< 40 cm) near the water track 

edges than in their central zone. In Grid 6, the soil core showed a thick talik of at least 85 cm. Soil cores across the middle 

slope area show good correspondence with the GPR interpretations (Fig. B. 3e, Fig. 7e, Fig. B. 4e). 

3.5 Downslope GPR grids 370 

Grid 7 was conducted near the end of the water track (Fig. 8a), approximately 175 m from the lake. In this area, permafrost 

degradation is more advanced, and the water track appears to be transitioning into a thermokarst gully, as surface sediments 

were observed during summer (Del Vecchio and Evans, 2025). The horizontal GPR slice reveals a clear pattern, with a zone 

of high reflection amplitude in the center of the water track (Fig. 8b). This may indicate higher water content, which was 

confirmed by the presence of gravitational water during soil coring. Snow thickness ranges from 12 to 119 cm, with a mean 375 

of 56 cm (Table 2) and follows topographic patterns closely (Fig. 8c). Taliks were detected across approximately 85 % of the 

grid, though their identification was more difficult outside the water track due to weaker GPR signal contrasts, similarly as 

for Grid 6 (Fig. 8e). Although taliks were difficult to detect outside the water track, they likely extend across the entire grid, 

considering the deep permafrost detected at the soil core (> 180 cm). The depth of talik tops ranged from 11 to 87 cm, with a 

mean of 45 cm (Table 2). Both snow thickness and talik depth fall within the same range as observed in the middle slope 380 

area (Table 2). Similarly, as in the middle slope, talik tops within the water track were systematically shallower than 40 cm 

(Fig. 8d). Talik bottoms could not be identified due to their important thickness (> 167 cm at the soil core). There is a good 

correspondence between the soil core and the GPR image (Fig. 8e).  
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Figure 7: Results of the GPR measurements for Grid 5 (middle slope). a) Topographic position index showing areas of subsidence. 385 
b) GPR horizontal slice at 15.5 ns two-way travel time, highlighting zones of strong reflections. c) Snow thickness derived from the 

GPR data. d) Depth of the top of the talik as interpreted from the GPR images. The grey area indicates locations where no talik 

was present or where it could not be identified with sufficient certainty. e) Vertical GPR slice at the soil core location, with visible 

interfaces of interest. 
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 390 

Figure 8: Results of the GPR measurements for Grid 7 (downslope). a) Topographic position index showing areas of subsidence. b) 

GPR horizontal slice at 17.2 ns two-way travel time, highlighting zones of strong reflections. c) Snow thickness derived from the 

GPR data. d) Depth of the top of the talik as interpreted from the GPR images. The grey area indicates locations where no talik 

was present or where it could not be identified with sufficient certainty. e) Vertical GPR slice at the soil core location, with visible 

interfaces of interest. 395 
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4 Discussion 

4.1 Interfaces identified with the GPR and precision of the method 

The first interface identified in the GPR images was the snow – frozen ground boundary, corresponding to the soil surface, 

which allowed for the determination of snow depth variations. Ground-penetrating radar is well established for mapping 

snow thickness (Kneisel et al., 2008). In this study, snow depth was characterized with a Root Mean Square Error (RMSE) 400 

of 8 cm (n = 9 soil cores, Fig. 9). Additionally, the 3D kriging of snow depth showed good consistency between adjacent 

lines and coherent behavior with local topography. Given this accuracy, the chosen r of 1.5 for snow appears accurate. Some 

imprecision may occur in shallow areas (observed by Hinkel et al., 2001 for snow cover < 20 cm) or where dense vegetation 

trapped in the snow causes chaotic reflections. 

 405 

The second interface identified corresponded to the tops of taliks. This interface is expected to produce strong reflections on 

GPR images due to the high contrast in dielectric properties between frozen and unfrozen soil (Moorman et al., 2003). Taliks 

have previously been observed with GPR in lakes, ponds, and delta environments (Arcone et al., 1998b; Stevens and 

Moorman, 2008; Yoshikawa and Hinzman, 2003) as well as for supra-permafrost taliks (Jones et al., 2016; Sjöberg et al., 

2015; Sudakova et al., 2021). In this study, the talik tops were identified with an RMSE of 17 cm (n = 6), with some over- 410 

and underestimation (Fig. 9), suggesting the r value of 4.5 for frozen soil is appropriate. Accuracy was generally good, 

except for core 3, where a 40 cm discrepancy was observed between the core and GPR-derived talik top (Fig. B. 2e). This 

may be due to GPS positioning errors for the soil core (up to 5 m). This interface was detected in a high proportion of the 

GPR data, although some taliks likely remained undetected. Taliks tops were more easily identified within water tracks, 

where the higher talik moisture content generates stronger reflections. These reflections dominate the GPR signal, making 415 

the weaker reflections outside the water tracks less visible. Additionally, high signal attenuation in frozen silts and clays may 

further limit GPR interpretation (Arcone et al., 1998a; Davis et al., 1976). Talik detection was more reliable in grids than in 

the transect, as lateral coherence between adjacent lines helps interpretation (Moorman et al., 2003). 

 

The third interface of interest was the bottom of the talik, corresponding to the permafrost top. This interface has previously 420 

been imaged using GPR studies of suprapermafrost taliks by Jones et al. (2016), Sjöberg et al. (2015) and Sudakova et al. 

(2021). In this study, it was clearly identified at only one core location (core 2), with a 4 cm difference between GPR and 

core observation. Overall, this interface was not very visible, it was only detected in parts of Grids 1, 2, and 5. This is due to 

the fact that the antenna only allowed visibility down to 30 ns (two-way travel time), which was insufficient to reach the 

bottom of thick taliks. In addition, radar penetration depth decreases with increasing moisture content (typical of taliks), and 425 

the signal is further attenuated in thawed fine-textured sediment (Arcone and Delaney, 1982; Hinkel et al., 2001). 

Consequently, signal penetration may sometimes be restricted to the first frozen-unfrozen interface (Stevens and Moorman, 

2008). Another difficulty arises from the possibility of a gradual transition at the talik bottom in terms of temperature and 

https://doi.org/10.5194/egusphere-2025-4667
Preprint. Discussion started: 27 October 2025
c© Author(s) 2025. CC BY 4.0 License.



21 

 

moisture, which causes a misinterpretation of the permafrost table (Stevens and Moorman, 2008). Even when the talik 

bottom was identified, its depth should be interpreted with caution, as it strongly depends on the estimated r of the talik, 430 

which was only broadly estimated and may vary strongly laterally. Finally, the lateral edges of taliks were generally not 

visible in this study, except for some traces in Grid 5 (Fig. 7e). This may be due to steeply dipping thermal interfaces along 

topographic breaks, which are poorly detected by GPR (principally when it exceeds 45°, Moorman et al., 2003). 

 

Some other subsurface interfaces of interest were not identified in this study. First, the identification of the permafrost top in 435 

areas without taliks (thus the interface between the frozen active layer and the permafrost) should be possible when 

permafrost has a higher ice content (Hinkel et al., 2001). In this study, it seemed visible in parts of the transect near the Min 

area (Fig. 5c), though with limited confidence. This interface is known to be difficult to detect due to cryoturbation in 

permafrost environments (Hinkel et al., 2001). Second, in this study, the interface between the organic and the mineral soil 

layer was not identified. Sjöberg et al. (2015) were able to image it in unfrozen areas, while Hinkel et al. (2001) could not 440 

when it was too shallow. In this study, the organo-mineral transition likely lies in the frozen soil part for upslope grids, 

making it undetectable. The transition might be present in the taliks for the other grids, but it was still not detected, probably 

due to a nearly water-saturated mineral layer, which reduces contrast with the organic layer. Additionally, there is not a very 

clear boundary between the organic and the mineral soil layers at this site, because of cryoturbation (Hicks Pries et al., 

2012). Although not feasible in this study, detecting the organo-mineral interface remains of interest because peat thickness 445 

influences active layer dynamics and talik formation (Atchley et al., 2016). 

 

Figure 9: Comparison of the depths of the interfaces of interest (snow – frozen soil, frozen soil – talik, talik – permafrost) from the 

soil cores with those derived from the GPR interpretation. 
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4.2 Taliks location and implications 450 

4.2.1 Taliks location and extent 

The taliks detected in this study are suprapermafrost taliks, which form when the active layer fails to completely refreeze 

during winter (Devoie et al., 2019; Schuur et al., 2008). They were detected along a part of the transect and within all grids 

(covering 50 to 90 % of each grid area), indicating a widespread occurrence across the study site, even under the coldest 

annual soil temperatures. Given the warming of the permafrost in this area (Osterkamp et al., 2009), it is probable that taliks 455 

will expand over time. This is probably caused by rising Arctic temperatures (O’Neill et al., 2020).  

 

Taliks were present preferentially in zones of localized subsidence and along water tracks. Regarding the depth of the tops of 

these taliks, their means ranged from 50 to 56 cm in the transect and upslope areas, whereas they were shallower in the 

middle and downslope zones (means between 33 and 45 cm, Table 2). In the middle and downslope areas, taliks were 460 

shallower than 45 cm in the water track paths. Taliks occurrence at shallower depths downslope and within water tracks 

relative to adjacent areas suggests more advanced permafrost degradation in these locations. Where quantifiable, talik 

thickness increased along the degradation sequence (mean of 26 cm in Grid 1, 33 cm in Grid 2, and 38 cm in Grid 5). Taliks 

were also thicker in water tracks, consistent with the deeper permafrost table there (Del Vecchio and Evans, 2025).  

 465 

The taliks from the transect and Grids 1 and 2, not located on distinct water tracks, are likely isolated (i.e., surrounded by 

frozen ground) and confined to areas with more advanced permafrost degradation (Fig. B. 1d, Fig. 6d). In Grid 3, taliks may 

connect to their downstream counterparts within the water track but remain disconnected laterally (Fig. B. 2d). A similar 

pattern was observed for Grids 4 and 5, though their lateral connectivity to adjacent soil appear larger (Fig. B. 3d, Fig. 7d). 

In Grids 6 and 7, taliks appear to be connected to the upslope and downslope water track, and laterally to a part of the 470 

surrounding soil (Fig. B. 4d, Fig. 8d). It remains difficult to draw conclusions about the connectivity between the taliks and 

the groundwater in the area, as it was not directly monitored. The site’s hydrological connectivity with the river and the lake 

is expected during part of the year, and to persist longer in talik areas in early winter, but it may still cease at some point 

during winter. Yet, the presence of water in the soil core hole at Grid 7 in March 2024 suggests that hydrological 

connectivity may persist throughout the whole winter season at that location.  475 

4.2.2 Links between talik depth and environmental factors 

Several factors influence talik formation such as snow cover, topography, soil moisture, vegetation and heat fluxes (Wang 

and Niu, 2024). First, snow acts as an insulator (Woo, 2012) preventing the ground from cooling, and triggering the 

appearance of deeper active layers and talik development (Atchley et al., 2016; Devoie et al., 2019; Jafarov et al., 2018; 

Johansson et al., 2013; O’Neill and Burn, 2017; Park et al., 2013). This was clearly observed in our study, where areas with 480 

thicker snow cover systematically corresponded to shallower taliks (overall Pearson correlation between snow thickness and 
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top of talik depth of -0.65, p-value < 0.001, Table C. 1). Second, topography plays a role in talik formation. This is 

particularly true for thermokarst landscapes, where the thawing of ice-rich permafrost causes surface subsidence (e.g., Kokelj 

and Jorgenson, 2013). In these depressions, the active layer thickens, and the permafrost is deeper (Johansson et al., 2013; 

Jones et al., 2016), which in turn promotes talik development (e.g., Sjöberg et al., 2015). In this study, taliks were more 485 

frequent in subsided areas upslope and were consistently shallower in surface depressions across all grids (overall Pearson 

correlation between top of talik depth and TPI of 0.53, p-value < 0.001, Table C. 1). Third, soil moisture can influence talik 

formation by increasing thermal conductivity (Devoie et al., 2019). In this study, shallower and thicker taliks were found in 

the middle and downslope areas (Table 2), where the talik soil was more humid. However, it is worth noting that water’s 

high thermal capacity may also buffer temperature fluctuations.  490 

 

All these talik formation factors are interdependent (Devoie et al., 2019) and reinforce one another through positive 

feedbacks. For instance, topographic depressions enhance snow accumulation (Devoie et al., 2019; Raudina et al., 2025; 

Woo, 2012) and increase soil moisture (Connon et al., 2018; Johansson et al., 2013). In turn, higher snow accumulation also 

contributes to higher soil moisture (Park et al., 2013; Woo, 2012; Zhang et al., 2005). Both thicker snow and higher soil 495 

moisture promote talik formation (Park et al., 2013). Finally, the presence of taliks contributes to surface subsidence (Devoie 

et al., 2019; Johansson et al., 2013). Water tracks represent a particular example of these interactions and feedbacks, as they 

are zones of higher soil moisture, thicker snow, and sometimes topographic depressions. This clearly identified water tracks 

as hotspots for talik formation and expansion. 

4.2.3 Consequences of taliks presence along water tracks 500 

Taliks’ presence increases hydrological connectivity, particularly through lateral taliks that create preferential pathways for 

groundwater flow (Connon et al., 2018; O’Neill et al., 2020). This increases winter groundwater discharge (Lamontagne-

Hallé et al., 2018) and strengthens the connection between hillslopes and rivers at this season (Tananaev et al., 2021). At this 

study site, groundwater fluxes likely occur within lateral taliks, although they are difficult to monitor and depend seasonally 

on the water availability (Kurylyk and Walvoord, 2021). These flows are expected to be more important in water tracks 505 

(Evans et al., 2020). This may allow the transport of organic carbon in winter and the delivery to inland waters (Walvoord et 

al., 2019). These enhanced water flows are also enabling heat transfer, which creates a positive feedback with talik 

expansion (Walvoord and Kurylyk, 2016).  

4.3 Method strengths, limitations, and potential improvements 

The use of GPR to detect taliks provides valuable information about subsurface features that are not visible at the surface. 510 

Compared to probing with a metal rod, GPR is more accurate and versatile (Wang and Niu, 2024), and it is faster than core 

drilling (O’Neill et al., 2020). It is also particularly well suited for sensitive environments, as it minimizes disturbance. Thus, 

GPR provides high-resolution spatial data (dm-scale in this study) with relatively low effort. This could guide the placement 
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of soil cores and support the spatialization of their analysis. This study demonstrated the strong potential of GPR to deliver 

reliable information on talik distribution and extent. The use of three-dimensional data was especially valuable for 515 

characterizing the spatial continuity and connectivity of taliks and should be more widely adopted. Finally, future studies 

should pay particular attention to key landscape features such as water tracks, which may have disproportionate effects on 

talik formation and expansion. 

 

This study faced several limitations, notably a lack of quantitative precision in identifying talik tops and the quasi-inability to 520 

detect talik bottoms. Talik identification was often less reliable outside water tracks due to lower contrast in GPR reflections. 

Then, the depth of detected taliks depended on subjective interpretation and on estimated r values. Additionally, the number 

of soil cores available for validation was limited. Several improvements could address these limitations. First, for better 

interpretation of GPR data, more soil cores should be collected, and multiple expert opinions could be compared. Using a 

lower-frequency antenna (< 200 MHz) would enable the imaging of talik bottoms (Stevens and Moorman, 2008). Multi-525 

channel GPR could also increase precision and provide insights into soil moisture (Kneisel et al., 2008; Sudakova et al., 

2021; Westermann et al., 2010). Other geophysical techniques could also be used to provide complementary information and 

provide more confidence in the interpretations (Sjöberg et al., 2015). Electrical resistivity tomography (ERT) is particularly 

recommended, as it provides information on subsurface material properties (Kneisel et al., 2008) and has proven useful for 

talik detection (Sjöberg et al., 2015; You et al., 2017). Other complementary geophysical methods include electromagnetic 530 

induction, seismic methods, and nuclear magnetic resonance (Hauck et al., 2004; Kneisel et al., 2008; O’Neill et al., 2020). 

Finally, future work could extend the study to areas adjacent to water tracks and incorporate time-lapse measurements to 

investigate talik extent and evolution. 

5 Conclusions 

Taliks presence affects Arctic hydrology and carbon dynamics and represents an important threshold in permafrost 535 

degradation. Yet, taliks’ distribution remains poorly studied. This study aimed to characterize the spatial distribution of 

suprapermafrost taliks using GPR in a discontinuous permafrost zone, with a specific focus on water tracks, through three-

dimensional GPR grids. Below, we present the key conclusions corresponding to our three objectives. 

(1) Ground-penetrating radar proved to be a reliable and efficient method for detecting taliks in three dimensions during 

winter in permafrost environments. Taliks were primarily located in water tracks and locally subsided zones. They were 540 

shallower (< 40 cm deep) and thicker (> 70 cm) in more degraded areas, especially downslope along water tracks. 

Upslope taliks appeared isolated, whereas downslope ones were laterally continuous, expanding along the water track 

and possibly to a part of the surrounding soil. This study also revealed significant correlations between talik depth and 

subsided topography (0.53), and between talik depth and snow accumulation (-0.65).  
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(2) Ground-penetrating radar successfully detected talik tops (RMSE = 17 cm) due to the electromagnetic contrast with the 545 

overlying frozen active layer. However, talik bottoms were not easily captured because of limited signal penetration 

depth. 

(3) Water tracks were clearly identified as hotspots for talik formation and expansion, making them key features to study. 

This has important consequences regarding winter unfrozen soil connectivity, as well as for water and carbon fluxes.   

Future research could combine GPR with complementary geophysical techniques to improve talik characterization beneath 550 

water tracks aiming at precise volume estimations. Combining taliks volume determination with taliks groundwater flow in 

cold seasons would also provide important information. A monitoring across several years would also help to understand 

taliks evolution and persistence. 
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Appendix A: Dimensions of the GPR grids 555 

Table A. 1: Positions along the slope and dimensions of the seven grids surveyed with GPR to produce three-dimensional data 

(width, length, area and line spacing). 

 Position along 

the slope 

Width (m) Length (m) Area (m2) Line spacing (m) 

Grid 1 Upslope 26 31 
825 

1.5 

Grid 2 Upslope 22 21 
475 

1.5 

Grid 3 Upslope 22 22 
515 

2 

Grid 4 Middle slope 16 25 
415 

1 

Grid 5 Middle slope 13 25 
350 

1 

Grid 6 Middle slope 28 52 
1515 

1 

Grid 7 Downslope 20 31 
630 

1 
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Appendix B: Results of the GPR measurements for the remaining grids 560 

 

Figure B. 1: Results of the GPR measurements for Grid 1 (upslope). a) Topographic position index showing areas of subsidence. b) 

GPR horizontal slice at 13.9 ns two-way travel time, highlighting zones of strong reflections. c) Snow thickness derived from the 

GPR data. d) Depth of the top of the talik as interpreted from the GPR images. The grey area indicates locations where no talik 

was present or where it could not be identified with sufficient certainty. e) Vertical GPR slice at the soil core location, with visible 565 
interfaces of interest. 
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Figure B. 2: Results of the GPR measurements for Grid 3 (upslope). a) Topographic position index showing areas of subsidence. b) 

GPR horizontal slice at 16.3 ns two-way travel time, highlighting zones of strong reflections. c) Snow thickness derived from the 

GPR data. d) Depth of the top of the talik as interpreted from the GPR images. The grey area indicates locations where no talik 570 
was present or where it could not be identified with sufficient certainty. e) Vertical GPR slice at the soil core location, with visible 

interfaces of interest. 
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Figure B. 3: Results of the GPR measurements for Grid 4 (middle slope). a) Topographic position index showing areas of 

subsidence. b) GPR horizontal slice at 15.5 ns two-way travel time, highlighting zones of strong reflections. c) Snow thickness 575 
derived from the GPR data. d) Depth of the top of the talik as interpreted from the GPR images. The grey area indicates locations 

where no talik was present or where it could not be identified with sufficient certainty. e) Vertical GPR slice at the soil core 

location, with visible interfaces of interest. 
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Figure B. 4: Results of the GPR measurements for Grid 6 (middle slope). a) Topographic position index showing areas of 580 
subsidence. b) GPR horizontal slice at 15.5 ns two-way travel time, highlighting zones of strong reflections. c) Snow thickness 

derived from the GPR data. d) Depth of the top of the talik as interpreted from the GPR images. The grey area indicates locations 

where no talik was present or where it could not be identified with sufficient certainty. e) Vertical GPR slice at the soil core 

location, with visible interfaces of interest. 

585 
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Appendix C: Correlations between snow thickness, surface subsidence, and talik thickness across the grids 

Table C. 1: Pearson correlations between snow thickness and top of talik depth and between TPI and top of talik depth across the 

seven grids. Due to the large number of observation points per grid (>29500), all the correlations are statistically significant (p-

value < 0.001). 

 Grid 1 Grid 2 Grid 3 Grid 4 Grid 5 Grid 6 Grid 7 All Grids 

Correlation between snow 

thickness and top of talik 

depth 

-0.36 -0.71 -0.77 -0.37 -0.63 -0.33 -0.70 -0.65 

Correlation between TPI and 

top of talik depth 

0.06 0.20 0.72 0.19 0.56 0.29 0.58 0.53 

 590 
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