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A B S T R A C T   

Thaw slumps are clear indicators of rapid permafrost degradation. They form preferentially in near-surface ice- 
rich permafrost of northern high latitudes after initial thermal disturbance by the subsequent interplay of thermal 
(thawing of frozen deposits and melting of ice) and mechanical (slumping and erosion) processes. The largest 
known thaw slump on Earth – the Batagay megaslump – has been identified in sloping terrain on the Yana 
Upland in northern Yakutia. Its initiation began in the 1980s, with a current area of >0.8 km2. It continues to 
grow and has headwall retreat rates of up to 15 m per year. While various satellite remote sensing studies of the 
Batagay thaw slump have been undertaken, on-site studies characterizing internal landforms, terrain changes, 
and geomorphic processes have not yet been conducted. To fill this knowledge gap and to enhance our under
standing of the dynamics of very large thaw slumps, our study employs on-site observations and detailed 
permafrost sampling combined with unoccupied aerial vehicle data from 2019. The latter were used to generate 
an orthomosaic, a digital surface model, hypsometric slope profiles and a map of relief types in the thaw slump. 
Within the Batagay thaw slump, the dynamic relationship between headwall morphology and slump floor is 
largely determined by the cryolithological structure of the permafrost horizons exposed across the headwall 
rising up to 55 m above the slump floor. Factors include the thickness and overall high volumetric ground-ice 
content (up to 87 %) of the cryostratigraphic horizons. Furthermore, the diurnal and seasonal insolation expo
sure of the headwall perimeter superimposes both thermal denudation activity and meltwater transport of eroded 
material. Thus, recent degradation patterns are linked to permafrost properties. Therefore, the Batagay thaw 
slump is not only a window into Earth's past as it reveals ancient permafrost, but its modern dynamics highlight 
that ongoing rapid permafrost thaw under present Arctic warming is directly influenced by its Quaternary 
geological and permafrost history.   

1. Introduction 

The study of the permafrost state, the dynamics of cryogenic pro
cesses, and associated terrain changes is especially relevant in the 
context of modern climate change, which is largely amplified in the 

Arctic (Cohen et al., 2014; Barnes and Polvani, 2015; IPCC, 2021). 
Increasing summer air temperatures and seasonal thaw depths (Stre
letskiy et al., 2015; Romanovsky et al., 2017; Biskaborn et al., 2019; 
Vasiliev et al., 2020) in combination with a high ground-ice content 
activate a number of cryogenic processes inducing topographic changes, 

* Corresponding author. 
E-mail address: akizyakov@mail.ru (A.I. Kizyakov).   

1 Current address: Technische Universität Dresden, Institute of Geography, 01069 Dresden, Germany. 

Contents lists available at ScienceDirect 

Geomorphology 

journal homepage: www.journals.elsevier.com/geomorphology 

https://doi.org/10.1016/j.geomorph.2022.108501 
Received 8 September 2022; Received in revised form 18 October 2022; Accepted 19 October 2022   

mailto:akizyakov@mail.ru
www.sciencedirect.com/science/journal/0169555X
https://www.journals.elsevier.com/geomorphology
https://doi.org/10.1016/j.geomorph.2022.108501
https://doi.org/10.1016/j.geomorph.2022.108501
https://doi.org/10.1016/j.geomorph.2022.108501
http://crossmark.crossref.org/dialog/?doi=10.1016/j.geomorph.2022.108501&domain=pdf


Geomorphology 420 (2023) 108501

2

which potentially threaten surface stability and – if present – human 
infrastructure. Such cryogenic processes comprise thermal denudation, 
thermal erosion, thermal abrasion, and thermokarst (e.g. Grigorev et al., 
2009; Günther et al., 2013; Costard et al., 2014; Kanevskiy et al., 2016; 
Nitze et al., 2020). 

In areas with near-surface massive ground ice (tabular ground ice or 
large ice wedges) or other ice-rich permafrost, retrogressive thaw 
slumps (RTS; e.g., Burn and Lewkowicz, 1990), shortly named as thaw 
slumps, are formed. These large hollow-shaped degradation features are 
named as thermocirques (e.g. Voskresensky, 2001). Thermocirques, 
with a semicircular shape of the upper edge, form on slopes due to oc
casional surface disturbance or climate-induced deepening of the 
seasonally thawed (active) layer at sites with near-surface massive 
ground ice. In areas where ice-rich permafrost of late Pleistocene age – 
called the Yedoma Ice Complex – occurs, thermal terraces are one of the 
main landforms of thermal denudation at the shores of seas, rivers and 
lakes (Are, 1980, 2012). Unlike thermocirques, thermal terraces are 
formed due to the combined effects of coastal erosion and thermal 
denudation at coastal or shore bluffs (Leibman et al., 2008). For large 
thaw slump landforms, exceeding areas of 0.2 km2, the term megaslump 
has been introduced by Lacelle et al. (2015). Given the existing termi
nological differences in the scientific literature, in the present study the 
term thaw slump is used. 

Ice wedges form by the repetition of frost cracking of the frozen 
ground in winter and filling of the frost crack by spring snow melt which 
refreezes and forms vertical ice veins (Lachenbruch, 1962). By long-term 
annual repetition of cracking, filling and sub-surface freezing, and 
ongoing sedimentation, ice wedges grow (syngenetically) in both di
rections, vertically and horizontally. Ice-wedge growth further includes 
ice uplift due to temperature-related volume expansion of sediments 
forming the ridges of ice-wedge polygons (Konishchev and Maslov, 
1969; Romanovsky, 1977). Ice Complex (Yedoma) deposits formed 
during tens of thousands of years in the late Pleistocene, contain large 
polygonal ice wedges up to 6–7 m wide and in places >40 m deep, and 
are widespread in Siberia and North America (e.g. Schirrmeister et al., 
2013; Strauss et al., 2021). Yedoma Ice Complex permafrost is extremely 
ice-rich with high volumetric ice contents up to 80 % or more (Ulrich 
et al., 2014; Fuchs et al., 2020) comprising both intra-sedimental ice and 
wedge ice. 

Thaw slumps are formed as a result of the combined effect of several 
cryogenic relief-forming processes on icy sediments. The interplay of 
thermal denudation, abrasion and erosion as well as thermokarst and 
slope processes fosters thaw-slump formation and dynamics at different 
stages of initiation, progression and stabilization (Are, 1980; Maksimov, 
1984; Voskresensky, 2001; Leibman and Kizyakov, 2007). 

If massive ground ice is exposed in thaw slump headwalls, thermal 
denudation includes the melting of the ice bodies and the thawing of 
enclosed frozen sediments, while combined gravitational and erosional 
processes promote mobilization of the thawed material in mudflows and 
landslides as well as by meltwater streams (Zhigarev, 1975; Are, 1980). 
If ground ice is temporarily buried by collapsing sediments or complete 
thawing of ice-rich sediments, the set of active relief-forming processes 
changes. This way, thaw slumps pass into the stage of landslide cirques, 
which are landforms with gentle slopes, significantly lower growth rates 
and smaller volumes of mobilized material (Leibman et al., 2014). At 
this stage, the change in the relief of these landforms occurs due to 
detachment slides of the active layer, solifluction and frost creep. A 
stabilization stage is reached when sediment accumulation (cover) ex
ceeds the active layer depth and lasts until covered or exposed ground 
ice melts again. Large thaw slumps are polycyclic forms with alternating 
stages of active growth and temporary stabilization (Lantuit et al., 
2012). 

The resulting landforms of permafrost thaw are extremely dynamic. 
The lateral growth rates of thaw slumps reach up to a few tens of meters 
per year (Lantuit and Pollard, 2008; Kizyakov, 2005; Lantuit et al., 2012; 
Günther et al., 2013; Ward Jones et al., 2019; Leibman et al., 2021). 

Intensive permafrost degradation accompanied by the release of organic 
matter and greenhouse gases leads to changes in adjacent ecosystems 
(Lantuit and Pollard, 2005; Kokelj et al., 2009; Cassidy et al., 2017) and 
have a positive feedback on Arctic warming (e.g. Koven et al., 2011; 
Turetsky et al., 2020). 

To map RTS distribution and explore their dynamics, on-site field 
data (Burn, 2000; Leibman and Kizyakov, 2007; Khomutov et al., 2017) 
and radar and optical remote sensing data (Lantuit and Pollard, 2005; 
Lantz and Kokelj, 2008; Kokelj et al., 2015; Séjourné et al., 2015; Nitze 
et al., 2018; Bernhard et al., 2022) have also been used in different re
gions. Airborne data from aerial vehicles, including unoccupied, were 
used to create detailed digital surface models (DSM) of RTS (Swanson 
and Nolan, 2018; Van der Sluijs et al., 2018). Algorithms for automated 
search and identification of surface disturbances associated with cryo
genic landslides and thaw slump formation are currently being devel
oped based on the analysis of remote-sensing data with machine 
learning methods (Brooker et al., 2014; Nitze et al., 2021; Runge et al., 
2022). 

A significant amount of data on the structure, conditions of occur
rence, and dynamics of thermal denudation and growth of thaw slumps 
has been obtained on Herschel Island at the Yukon coast (Lantuit and 
Pollard, 2005, 2008), in northern continental Alaska and Canada (Lantz 
and Kokelj, 2008; Lacelle et al., 2015), in the Canadian Arctic Archi
pelago (Ward Jones et al., 2019), in the European North of Russia 
(Kizyakov et al., 2013), the North of West Siberia (Kizyakov, 2005; 
Khomutov et al., 2017; Leibman et al., 2021), on the Arctic coastal plains 
and in the central parts of Yakutia (Grigoriev, 2008, 2019; Pizhankova 
and Dobrynina, 2010; Pizhankova, 2011; Günther et al., 2013, 2015a, 
2015b; Shepelev et al., 2020; Tumskoy et al., 2021). 

The present study analyzes the morphology of the terrain within the 
large Batagay thaw slump, located in the northern part of Yakutia, 
north-eastern Siberia. The history of the origin and development of this 
feature based on a series of satellite images is considered in Kunitsky 
et al. (2013), Günther et al. (2015b), Savvinov et al. (2018), and 
Vadakkedath et al. (2020). 

We employ airborne data combined with on-site observations and 
sampling of the vertical headwall of the Batagay thaw slump to (1) 
determine the morphology and dimensions of the largest recent perma
frost thaw feature on Earth by using UAV data; to (2) characterize 
degradation pattern within the thaw slump depending on cryostratig
raphy, ice content and exposition of the headwall; and to (3) discuss past, 
current and future dynamics of Batagay permafrost degradation and po
tential impacts of accelerating thaw-related terrain changes in the area. 

2. Study area 

The Batagay thaw slump (67.58◦N, 134.77◦E) also known as the 
Batagaika megaslump or as Batagaika crater, is located in the Yana 
Uplands, which belong to the Yana-Oymyakon mountain region of 
interior Yakutia (Fig. 1). Here, strongly continental climatic conditions 
are reflected in low precipitation (mean annual precipitation (MAP) of 
203 mm, 1988–2017) and high annual air temperature amplitudes be
tween − 40 ◦C in winter (mean Dec–Feb) and 13.7 ◦C in summer 
(Jun–Aug) at a mean annual air temperature (MAAT) of − 12.4 ◦C 
(period 1988–2017; Murton et al., 2022). Since 1950, the MAAT has 
increased by >2 ◦C and the MAP by >50 mm (Savvinov et al., 2018). 

The permafrost occurs in continuous distribution, reaches ~300 to 
500 m thickness and the mean annual ground temperature varies from 
− 9 to − 7 ◦C at the depth of zero annual amplitude (Geocryological Map 
of the USSR, 1996). The thickness of the active layer ranges from 0.8 to 
1.4 m, depending on vegetation type (Shestakova et al., 2021). The 
modern taiga vegetation is dominated by Larix gmelinii (larch) and Pinus 
pumila (dwarf pine) in higher reaches of the mountains, and includes 
Betula exilis, B. divaricata and sparse B. pendula (birches). Lichen and 
moss cover is common, while mountain grasses and herbs are sparse 
(Ashastina et al., 2018; Savvinov et al., 2018). 
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In 2019, the Batagay thaw slump was about 1800 m long and 890 m 
wide and has been growing since then. It is located on the east-facing 
hillslope of the saddle between Mount Kirgillyakh (590 m above sea 
level; a.s.l.) and Mount Khatyngnakh (380 m a.s.l.); about 10 km south 
of the village of Batagay (Fig. 1b). The widening of a pre-existing gully 
(thermal erosion ravine) into a distinct slump form was firstly recog
nized on satellite imagery of 1991 (Kunitsky et al., 2013). The average 
growth rates at different sites of the feature reached 7–15 m per year in 
2004–2010 (Kunitsky et al., 2013). The recalculation of area loss data 
given by Vadakkedath et al. (2020) revealed annual growth rates of 11.3 
to 14.9 m per year in 1991–2018. 

The headwall between the slump floor and the surface in its western 
part reaches up to about 55 m height and exposes a series of ancient 
permafrost deposits. The lowermost horizon of mid-Pleistocene age is 
regarded as the second oldest directly dated permafrost in the Northern 
Hemisphere (Murton et al., 2022). Following Murton et al. (2022), the 
headwall exposes six cryostratigraphic units – from the floor to the top – 
named as the Lower Ice Complex (Marine Isotope Stage (MIS) 16 or 
earlier), the Lower Sand Unit (some time between MIS 16 and 6), the 
Woody Layer (MIS 5; in places present as up to 3 m thick lenses), the 
Upper Ice Complex (MIS 4–2), the Upper Sand Unit (MIS 3–2) and the 
Holocene Cover on top (MIS 1). The ancient permafrost exposed in the 

Fig. 1. Location of the Batagay thaw slump (a) on the Yana Upland in North-eastern Siberia, (b) in the vicinity of Batagay settlement and (c) shown as aerial view in 
spring 2019, note Mount Kirgillyakh in the background. In (b) the locations of the field photo points presented in Fig.12 are shown and areas of wildfires 2018–2019 
are indicated with hatched yellow fill. 
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Batagay thaw slump has already been the subject of several paleo
environmental studies (e.g. Ashastina et al., 2017, 2018; Murton et al., 
2017; Opel et al., 2019; Vasil'chuk et al., 2019, 2020; Courtin et al., 
2022; Jongejans et al., 2022). 

3. Materials and methods 

3.1. Fieldwork 

Data and samples were acquired during joint Russian-German 

fieldwork at the Batagay thaw slump from 18 March to 4 April 2019 
(Jongejans et al., 2021). Continuous sampling of frozen sediments and 
ground ice along the ~55 m deep western headwall was conducted on 
climbing rope and complemented by selected sampling sites on the 
slump floor and slopes which allowed for capturing the entire exposed 
permafrost inventory and for obtaining representative sample material 
from all exposed cryostratigraphic units for sedimentological, biogeo
chemical, isotopic and dating approaches. Sampling profiles were con
ducted at the snow-free western part of the headwall in sections I and II 
(Fig. 2). The sampling profiles were sketched and photographed and the 

Fig. 2. The Batagay thaw slump shown (a) as orthomosaic and (b) as digital surface model based on 2019 data. The red rectangles mark the position of the sections I 
and II for which the calculation of ice content was performed. 
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material was cryolithologically described (Jongejans et al., 2021) 
following the terminology by Kudryavtsev et al. (1979), partly presented 
in French and Shur (2010). All samples were kept frozen upon return to 
the laboratories at the Melnikov Permafrost Institute SB RAS Yakutsk 
(Russia) and the Alfred Wegener Institute Potsdam (Germany). 

3.2. UAV survey and processing 

The UAV surveys during the field campaign resulted in airborne 
imagery of the entire slump including the headwall and the floor. We 
used a DJI Phantom 4 Advanced drone to take high-resolution imagery 
of the thaw slump. The camera onboard the UAV was equipped with a 1- 
in. 20-megapixel CMOS sensor and the camera had an f/2.8 wide-angle 
lens with a 24 mm-equivalent focal length. Various camera orientations 
were used, including vertically downwards to capture the topography of 
the thaw slump as well as perspective or oblique photos and horizontal 
(perpendicular to its vertical extent) photos of the headwall to identify 
features of the exposed cryolithological horizons. Imagery post- 
processing was undertaken using the Agisoft Photoscan software and 
following this, an orthomosaic (Fig. 2a) and a digital surface model 
(DSM) with spatial resolution of 0.12 m (Fig. 2b) were created. 

3.3. Ground ice volume 

A thorough cryolithological description and sampling of frozen 
sediments and ground ice exposed in the headwall of the thaw slump 
was performed in its western part (Fig. 2a, sections I and II). In this part 
of the headwall, horizons of the cover deposits, the Upper Ice Complex 
(IC), the Upper Sand, the Lower Sand and the Lower IC are present. 
These cryostratigraphic horizons were distinguished in previous studies 
(Murton et al., 2017, 2022). 

The assessment of the total ice content in sections I and II is based on 
the analysis of photographs from the UAV for wedge-ice abundance and 
the results of laboratory determination of the gravimetric ice content of 
the sediment samples totaling 77 determinations (Table 1) for intra- 
sedimental ice. The total volumetric ground ice content (TVIC) of the 
cryostratigraphic horizons exposed in the Batagay megaslump was 
estimated by eq. (1) after Grechishchev and Shur (1990): 

TVIC = WIV+VICS×(1 − WIV), (1) 

where WIV–wedge-ice volume, unit fraction; VICS − volumetric ice 
content of sediments between ice wedges, unit fraction. 

To calculate the visible proportion of wedge-ice in the walls of the 
outcrop, we used a series of UAV imagery taken perpendicular to the 
wall from the middle of its height. We took the calculated area ratio 
between ice wedges and the entire section as the wedge-ice volume 
(WIV), following Kanevskiy et al. (2016) who could verify this simple 

approach by repeated analysis of the same study site over several years. 
We take into account that due to the cutting plane of the outcrop, fixed 
on our image snapshots, there can be both slightly overestimated and 
underestimated values of WIV, depending on how the ice wedges are 
exposed by the retreating headwall. Due to the considerable analyzed 
area of the outcrop in the headwall (section I: ca. 55 m × 84 m (Fig. 3); 
section II: ca. 55 m × 194 m), we here assume that we obtained average 
values that characterize the WIV of the cryolithological horizons well. 

To calculate the volumetric ice content of sediments between ice 
wedges (VICS) based on the results of laboratory data on gravimetric ice 
content of the sediment samples, we used the Eq. (2) after Tsytovich 
(1973) and Grechishchev and Shur (1990): 

VICS =
ρ × (Wtot − Ww)

ρi × (1 + Wtot)
, (2)  

where ρ – density of frozen sediments; ρi – density of ice; Wtot – total 
water content of frozen sediments (relative to dry sediments); Ww – 
unfrozen water content. 

Permafrost sampling was undertaken within section I in two vertical 
profiles at the headwall and at selected sampling sites on the slump floor 
and slopes. The results of the laboratory ice content determination were 
extrapolated to the same cryolithological horizons within section II. All 
sampled sediments are either fine sand or coarse silt. The density of 
frozen sediments (ρ) of such deposits equals 1500 kg/m3 on average 
(Tsytovich, 1973). The density of ice (ρi) equals 917 kg/m3 (e.g., Har
vey, 2014). The total moisture content of frozen sediments (Wtot) was 
determined as the gravimetric ice content of the sediment samples by 
measuring the difference in weight percentage (wt%) between wet 
(frozen) and dry weights after freeze-drying (Subliminator 3–4–5, Zirbus 
Germany). Averaged values for each of the cryolithological horizons 
were used (Table 1). Taking into account the textural composition of 
sediments and the low ground temperature, which determine the 
extremely small possible amounts of unfrozen water, we estimated the 
moisture content due to unfrozen water (Ww) as 0.01. 

Further in this paper, when separating and naming horizons in the 
outcrop, we use cryolithological boundaries based on presence and 
volume of ice wedges. These cryolithological boundaries do not neces
sarily correspond to (cryo-)stratigraphic boundaries and hence, our 
cryolithological horizons used in this paper may slightly differ from the 
cryostratigraphic units as defined by Murton et al. (2022). 

3.4. Thaw slump morphology 

To analyze the topography of the thaw slump's floor and slopes, the 
UAV-derived DSM and field photos were used. A classification of the 
surface steepness and the dissection of the relief (i.e. the range of 
changes in surface height in the DSM within a moving window of 10 ×
10 m) was done in QGIS and ESRI ArcGIS. Using ArcGIS 3D Analyst 
tools, hypsometric profiles were derived from the DSM. Using ArcGIS 3D 
Analyst tools, hypsometric profiles were derived from the DSM. In order 
to assess incoming solar radiation (insolation) and its relative distribu
tion within the thaw slump, insolation patterns were analyzed using the 
DSM and Spatial Analyst tools in ArcGIS for a selected representative 
day during the spring season (1 April as a day within our fieldwork) and 
cumulative insolation for a whole year with the standard setting of 0.3 
overcast conditions. As a result, these insolation estimations provide an 
insight into spatial patterns of areas with low and high amounts of 
incoming solar radiation. 

4. Results 

4.1. Characteristics of the cryolithological horizons described from top to 
bottom 

The cover layer reaches a thickness of 1–3 m and covers the 

Table 1 
Ice content values of cryolithological horizons exposed in sections I and II at the 
western headwall are given as wedge-ice volume (WIV), volumetric ice content 
of sediments between ice wedges (VICS; mean ± standard deviation) and the 
total volumetric ice content (TVIC). Number of samples VICS calculation (N) are 
given in brackets.   

VICS [%] Section I Section II 

WIV [%] TVIC [%] WIV [%] TVIC [%] 

Upper Ice 
Complex 

56.4 ±
11 
(N = 46) 

70.2 87 62.9 83.8 

Upper Sand 50.8 ±
10 
(N = 6) 

Not exposed 7.6 54.6 

Lower Sand 46.9 ± 7 
(N = 20) 

5.7 50 13 53.8 

Lower Ice 
Complex 

53.2 ± 8 
(N = 5) 

55.5 79.2 Not exposed  
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surrounding surface, including the slope into which the thaw slump is 
cutting (section I, Fig. 3). The thickness of this cover layer above the 
Upper Ice Complex varies along the section with local depressions of the 
base. No ice wedges have been observed in the cover layer. The cover 
layer includes the active layer and an underlying transient layer that 
alternates in status between seasonally frozen ground and permafrost 
over sub-decadal to centennial time scales (Shur et al., 2005). It is 
composed of yellowish-gray very fine sand with predominantly massive 
(not visible) cryostructures. The sediments are characterized by well- 
defined layers with individual dark brown lenses, enriched in organic 
matter that shows cryostructures with multiple isolated ice aggrega
tions. A ferruginous horizon with a thickness of 15–20 mm is present. In 
the transient layer, interbedding of sandy horizons with massive cry
ostructures and sandy loam with lenticular and layeredcryostructures is 
found. The active layer contains a large number of tree and shrub roots. 
The entire cover layer is distinguished from sediments of the underlying 
Upper IC by a brighter coloration and the presence of bright red ferru
ginous lenses. 

The Upper Ice Complex (IC) is exposed at the headwall at a varying 
depth range. The upper boundary of the Upper IC was found at 1–3 
below the surface (b.s.) and the lower boundary at 27–29 m b.s. This 
horizon is characterized by very large ice wedges penetrating its entire 
thickness (section I, Fig. 3; see also Fig. 4a and b). Upper IC deposits are 
exposed almost along the entire perimeter of the headwall with distinct 

changes in the north-western part of the headwall, where the Upper 
Sand with thin composite sand-ice wedges is wedged into the Upper IC, 
which in this part increases its vertical dimension due to its dipping base 
(section II, Fig. 4c). The Upper IC ice wedges are classic polygonal fea
tures composed of vertically stratified ice veins with inclusions of min
eral and organic particles. Between the ice wedges, former polygon 
centers of frozen very fine sand of light-brown and brown color are 
present. 

The upper part of Upper IC is a complex layered sandy loamy stratum 
with ice schlieren (thin lenticular layers of segregated ice of various 
orientations in frozen ground). The inclined and horizontal layered ice 
schlieren are 1.5–70 mm thick and lenticular and massive cryostructures 
occur between the schlieren. Below, occurs predominantly fine sand 
with massive or thin-layered cryostructures (thin ice lenses 0.1–0.5 mm 
thick and the same sandy loam interlayers) interbedded with horizons 
with reticulate and lens-like braided cryostructures. 

The Upper Sand is exposed to a limited extent at the northern end of 
the western headwall (section II, Fig. 4c) and at the southeastern wall 
(Opel et al., 2019), which was covered by snow in spring 2019. At 
section II, the Upper Sand is embedded in the Upper IC. The maximum 
thickness of the Upper Sand layer is 7–8 m. It is overlain by the Upper IC 
and the cover layer, which sum up to a total thickness of 9–11 m. The 
Upper Sand layer is penetrated by narrow composite sand-ice wedges, 
visually <30 cm wide. Partly, these composite wedges appear to grow in 

Fig. 3. Outcrop of the Upper IC in section I (a) and the Upper Sand in section II (b). Cryolithological boundaries are marked as dotted red lines. A person on climbing 
ropes is circled in red for scale in (a). 
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the same cracking positions as the ice wedges of the Upper IC below and 
above and are connected to those now. During field work, the Upper 
Sand deposits in the headwall outcrop were not described and sampled. 
The respective samples were taken from a baydzherakh (thermokarst 
mound) located at the foot of the headwall built of Upper Sand deposits. 
The Upper Sand is light-brown fine sand including sparse gravel (up to 
0.5 cm in diameter). The cryostructure is lenticular with 0.5 mm thick 
and 10–50 mm long ice lenses. 

Substantial parts of the western headwall are composed of the Lower 
Sand, vertically exposed with a thickness of about 20 m (Fig. 5). In its 
uppermost part, the Lower Sand exhibits a distinct feature: a clearly 
gravelly orange layer seen along the entire thaw slump along the open 
walls of the Lower Sand and discontinuous pockets or lenses of woody 
debris marking the position of the Woody Layer. The deposits of the 
Woody Layer are gray and light-brown silty sands with reddish ferru
ginous spots and include numerous organic remains, peaty lenses, in-situ 
rootlets and wood (0.5–10 cm in diameter). The cryostructures are 
lenticular (ice lenses 0.5–2 mm thick and 5–10 cm long) or layered 
(single ice layers 1 mm thick and 10 mm apart). Around peat lenses, the 

cryostructures form larger ice lenses (2–20 mm thick, up to 1 cm long 
and 20–50 mm apart) with lenticular cryostructures (ice lenses 0.5 mm 
thick and 1–2 mm long) between the ice layers. The Woody Layer marks 
an erosional surface and paleo surface (Murton et al., 2017) and does not 
contain any ice wedges. The underlying Lower Sand is composed of 
partly layered light-gray and light-brown fine sand with rare gravel in
clusions (2–5 mm in diameter). Numerous in-situ rootlets and rare wood 
remains (up to 5 cm long and 1 cm in diameter) are present. The cry
ostructure is either massive or lenticular (0.5 to 1 mm thick and 5 to 10 
cm long ice lenses). Narrow composite wedges (10 to 20 cm wide) across 
this entire horizon contain alternating ice and sediment veins (up to 2 
mm wide). 

The lowermost exposed stratigraphic horizon is the Lower Ice 
Complex. It is only exposed in ection I right above the slump floor and 
reaches up to 1.5 m thickness here. It is composed of fine light-gray and 
brown sandy silt with small shale fragments originating from the un
derlying diamicton (Murton et al., 2017) as well as in-situ rootlets and 
organic black spots (in the lower part). Cryostructures are micro- 
lenticular or massive resulting in a low intra-sedimental ice content. 

Fig. 4. Visible ice wedges in the western headwall (a) and detailed in section I (b) and section II (c): (1) ice wedges (shaded in blue), (2) woody layer, (3) slump floor, 
debris cones, (4) cryolithological boundaries. 
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Truncated ice wedges of the Lower IC reach visible thicknesses of 1.2 m 
up to 3.5 m and widths of 0.6 m up to about 1 m. In places, significant 
amounts of wood, buried pool ice, vertical ice veins and small composite 
wedges can be found in the ice-rich sediments, likely attributed to 
erosional structures within the Lower IC. A reddish ferruginous 
erosional gravel layer tops the Lower IC. 

4.2. Ground-ice content throughout the sections 

During the survey period in March–April 2019, the contours of ice 
wedges and enclosing sediments of the Upper IC were confidently 
distinguished only on the western part of headwall (east-facing) due to 
its insolation and the early snowmelt. The walls of the northern and 
western exposures were still partially covered with snow (Fig. 4a), 
which made it difficult to determine the exact percentage of ice content. 
However, as the same cryolithological horizons are distinguished across 
the entire headwall of the thaw slump, we assume the ice content values 
from the studied sections are characteristic for the respective strati
graphic units. At the same time, we note that toward the northern end of 
the western wall, where the Upper Sand appears, the general structure of 
the wall section and its ice content change. Toward the northern ex
tremity of the wall, Upper IC ice wedges practically disappear (Fig. 4c). 
This is the only significant change in ice content recorded along the 
exposed headwalls. 

The TVIC was calculated for two sections of the western wall 
(Figs. 2c, 4a). Within section I (Fig. 4b), in the field we made a thorough 
vertical sampling profile of the wall covering the Upper IC, Lower Sand 
(including the Woody Layer), and the Lower IC. In section II (Fig. 4c), 
the TVIC was calculated for deposits of the Upper IC, Upper Sand, and 
Lower Sand. 

The VICS is higher for the Ice Complex units (Upper IC: ca. 56 %; 
Lower IC: ca. 53 %) compared to the sand units (Upper Sand: ca. 51 %; 
Lower Sand: ca. 47 %). More differentiation is seen in the wedge-ice 
volume (WIV) of the respective cryolithological horizons, where the 
largest shares of wedge ice were observed in the Upper IC (ca. 63–70 %) 
and the Lower IC (ca. 56 %), while the sand units contain up to ten-fold 
lower WIV in the Lower Sand (ca. 6–13 %) and the Upper Sand (ca. 8 %) 
(Table 1). Consequently, the resulting TVIC is highest for the Upper IC 

(ca. 84–87 %) and the Lower IC (ca. 79 %), while for the sand units it 
varies only between about 50 and 55 % (Table 1). 

4.3. Thaw slump main dimensions 

The orthomosaic and the DSM of the Batagay thaw slump (Fig. 2a 
and b) allowed the morphometric characteristics of the thaw slump – as 
surveyed in spring 2019 – to be established. The maximum width of the 
thaw slump in its upper bowl-shaped part was 890 m. The maximum 
height of the headwalls from the edge to the slump floor underneath was 
55 m in the western part of the thaw slump. As the thaw slump cuts into 
the gentle east-facing slope of the saddle between Mount Kirgillyakh and 
Mount Khatyngnakh, the heights along the headwall edge of the bowl- 
shaped main part of the slump span from 275 to 319 m a.s.l. The min
imum heights within the slump floor are localized in the valley of the 
main erosion cut. In the central bowl-shaped part, the minimum height 
is 207 m a.s.l. 

4.4. Slope profiles 

The transverse slope profiles (Fig. 2b) along the western wall (pro
files 1–3 in Fig. 6a–c) represent almost sheer vertical walls, in places 
even exhibiting overhangs, where the lower part of the vertical wall, 
composed of the Lower Sand, is below the “cornice” of the overhanging 
Upper IC deposits. The Lower Sand forms straight walls, practically 
without deviations from the vertical. On the western wall in the area 
covered by profiles 2 and 3, the maximum height difference between the 
upper wall edge and its foot reaches 50–52 m. 

The northernmost profile (profile 1; Fig. 6a) crosses the headwall 
where only composite wedges of the Upper Sand are present. Never
theless, a fragment of the vertical wall remains, at the foot of which 
debris accumulated. As the ice-poor deposits of the Upper Sand pre
dominantly exposed here produce only little meltwater amounts upon 
thaw, the thawed material cannot be transported away from the foot of 
the wall, and the height of the outcrop gradually decreases over time. 

Moving toward the southwestern part of the thaw slump (profiles 4 
and 5; Fig. 6d–e), a concave upper part is noted in the transverse profile 
of the walls within the outcrop of the Upper IC. A possible explanation 

Fig. 5. Lower part of the western headwall, mainly built of Lower Sand underlain by the lower IC and topped by the Woody Layer. Cryolithological boundaries are 
marked as dotted red lines. A person on climbing ropes is circled in red for scale. 
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for this is a change in insolation exposure of the wall in the southwestern 
part due to the bowl-like shape of the thaw slump (Fig. 7). The upper 
part of the outcrop continues to be exposed to the sunlight and retreats 
more intensively, while the lower part is in the shade and the rate of 
thermal denudation decreases. 

Within the southern and eastern walls of the thaw slump, we observe 
a gradual decrease in the exposed headwall height, as the lower parts are 
increasingly covered by debris cones. At the southern part, the debris 
forms cones directly below the base of the ice-rich sediments of the 
Upper IC (profile 6; Fig. 6f). Further to the east (profile 7; Fig. 6g) where 
the Upper Sand overlies the Upper IC (Opel et al., 2019), the slumped 
material partially covers the outcrop as well as the slopes around profile 
8 (Fig. 6h), which is almost completely covered by slumped material. At 

the same time, flattening of the slopes is observed, but the surface is 
structured by baydzherakhs (thermokarst mounds) and sediment blocks 
that slumped or collapsed from the upper edge. The low height position 
of the baydzherakhs in profile 8 (20–25 m below the thaw slump upper 
edge) may indicate the base of Upper Sand and thawed upper part of the 
Upper IC. If deposits of the Upper IC are present here in the thaw slump 
wall, they are covered by debris exceeding the active layer thickness. 

4.5. Thaw slump morphology 

The DSM, the derived information on slope inclination, and the 
vertical dissection of the terrain (Fig. 8a and b) made it possible to 
identify several distinct areas within the slump floor, differing in the 

Fig. 6. Hypsometric slope profiles (profiles 1 to 8; left) and corresponding aerial views from different parts of the Batagay thaw slump (a to h; right). Profile positions 
are given in Fig. 2b. 
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magnitude of the terrain vertical dissection and the morphology of 
landforms. The following three main relief areas (A–C) with in total five 
subtypes are identified on the slump floor (Fig. 8c). Further, main relief 
types of the thaw slump headwall (D–F) as well as the thalwegs of 
thermal erosion ravines (G) are distinguished (Fig. 8c):  

(A) Terrain with strong surface dissection: Mainly ridges and incised 
valleys;  

(B) Terrain with moderate surface dissection: Flattening, slightly 
dissected by erosion, the surfaces of the slopes descending from 
the edges of the thaw slump;  

(C) Terrain with low surface dissection: Relatively leveled terrain in 
the floor of the thaw slump with residual hills, slightly modified 
by erosion (C-1); Elevated remnants in the floor of the thaw 
slump with a slight difference in terrain heights (C-2); Flattened 
areas directly adjacent to the western wall (C-3). 

Based on field observations and DSM interpretation, we segmented 
the thaw slump edge and identified three types of headwall (Fig. 8c):  

(D) Vertical walls with only a slight inclination in the upper part;  
(E) Two-part profiles with an inclined upper part and a steep lower 

part;  
(F) Concave steep slopes (without a vertical wall) in the upper part 

and flattening in the lower part. 

Statistical data on the morphometric characteristics of the selected 
relief areas of the slump floor (A–C) are given in Table 2. We calculated 
the distribution of heights and the slope inclinations within the thaw 
slump floor at the foot of the headwalls. For a statistical assessment of 
the distribution of the terrain vertical dissection within the slump floor, 
a strip of variable width (30–40 m, according to the orientation of the 
pixel structure of the surface dissection scheme) along the vertical walls 

Fig. 6. (continued). 
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was cut out to eliminate the edge effect of the wall's influence on the 
statistics of dissection within the floor. 

The highest values of vertical dissection are concentrated along the 
edge of the thaw slump. Along the western vertical wall, the height 
difference from the edge to the foot reaches 50–55 m. Two more sections 
of the thaw slump edge with vertical walls, but of much lower height 
(15–20 m), are located in its northeastern part, where the bowl-shaped 
part transitions into an extended erosional valley. 

In the western part of the thaw slump floor, areas of average 
dissection of the terrain, relatively leveled terrain with residual hills, 
slightly modified by erosion (relief area C-1) are present. Within this 
area, the mean dissection of the relief amounts to 4.9 m, ranging from 
2.3 to 9.8 m. The highest values are associated with a few ridges and 
erosion cuts. 

Flattened areas (relief area C-3) adjoin directly to the western wall 
(Fig. 9). A ridge adjacent to the wall divides them in two parts. The mean 
of the vertical dissection here is 3.5 m, and the range of the value scatter 
is the lowest of all identified relief types due to the lowest maximum 
value of 7.3 m. The minimum heights within flattened areas are 
235–240 m a.s.l., which is about 15–20 m lower than the surfaces of the 
remnants (relief area C-2) and 30–45 m below the tops of the ridges in 
relief area A. 

The central part of the thaw slump is the oldest and most strongly 
dissected by erosion processes (relief area A). In this part of the slump 
floor, the average value of terrain dissection is 8.3 m with a range from 
1.4 to 16 m. Linear anomalies with small values of terrain dissection are 
confined to the floors of large erosional valleys, sharply increasing on 
the sides. In relief area A, the highest values of the mean slope inclina
tion reach 36◦. 

In the northwestern part of the floor is a fragment of elevated rem
nants with a small difference in surface heights (relief area C-2). Ac
cording to the characteristics of the vertical dissection, with a mean 
value of 4.9 m as well as the height characteristics and the slope in
clinations, this relief area corresponds to relief area C-1. However, C-2 
differs from C-1 by the absence of linearly oriented erosion valleys and 
the spatial distribution of the variability of the slope inclinations 
(Fig. 8a), and seems to be closer to relief area B. Therefore, and because 
the C-2 area is distinguished from relief areas C-1 and B by clearly 
developed erosion valleys, we define it as a separate type of relief. The 
surface of the C-2 relief area is further structured by baydzherakhs of 4 

to 8 m in diameter and 1–2 m high. 
Along the periphery of the floor in the northern and eastern parts of 

the thaw slump stretches relief area B that also has a low average relief 
dissection of 5.9 m. However, unlike relief areas A, C-1 and C-2, there is 
no clear predominance of erosional dissection with the formation of 
pronounced ravines and ridges separating them. The mean slope incli
nation of 28◦ is also in the range of the A, C-1 and C-2 relief areas, but the 
relief area B exhibits concave slope surfaces, flattening down from the 
edge of the thaw slump. 

4.6. Geomorphological analysis 

The main process that determines ongoing headwall retreat and 
expansion of the Batagay thaw slump is thermal denudation – the 
thawing of permafrost, including ground-ice melt, and the collapse of 
the thawed material downslope. This so-called lateral denudation de
scribes the permafrost degradation and slope retreat in a horizontal di
rection due to combined permafrost thaw and slope processes 
(Konishchev, 2009). Annually, the ice locally starts melting due to 
strong solar radiation directly affecting exposed ground ice in the walls 
in early spring (March–April) even at air temperatures far below 0 ◦C as 
noted during fieldwork in 2019 (Fig.7a). 

We have further noted traces of block collapse of the Upper IC sed
iments (Fig. 9). Such failure of high and steep permafrost walls – in 
particular on coastal sea cliffs, but also in inland locations such as 
Batagay – occurs in areas where polygonal ice-wedges are widespread 
(e.g., Overduin et al., 2014; Günther et al., 2015a). The size of the 
collapsing blocks corresponds to the dimensions of the polygonal pat
terns delineated by the ice wedges. Gravity collapse occurs when the 
sedimentary polygon centers form an overhanging and protruding 
pinnacle around which the wedge ice has melted much deeper into the 
headwall surface. The shear resistance of sandy and silty frozen sedi
ments is much higher than that of ice wedges. Therefore, the formation 
of cracks and the breaking-off of sedimentary blocks occur within the ice 
part. 

In the warm continental summer season with air temperatures 
sometimes exceeding 30 ◦C, mudflows form at the foot of the thawing 
headwalls. Partially thawed and collapsed material accumulates near 
the slope, forming cones and ridges adjacent to the retreating wall. With 
a sufficient amount of water, this material is washed away, an erosional 

Fig. 7. Modeled solar insolation distribution within the thaw slump terrain. The scale bar characterizes amounts of incoming solar radiation due to the terrain's 
exposition and inclination (a) on April 01 and (b) for a whole year. 
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gully is formed, and then a ravine, through which the material is carried 
beyond the thaw slump floor into the Batagaika River (Fig. 1b). The high 
ice content of the exposed cryostratigraphic horizons (up to 87 % for the 
Upper IC; Table 1) ensures a deficit of solid sediments yield during 
thawing. The release of meltwater is sufficient to transport the relatively 
small volume of finely dispersed thawed mineral material. Additionally, 

snowmelt in spring as well as heavy rains and thunderstorms in summer 
provide substantial amounts of water for intensified sediment transport. 
The incision of the stream channel occurs as thermal erosion, when in 
some cases the incision is ahead of the thawing of sediments under the 
channel, and permafrost is exposed. 

The main axial valley that cuts the thaw slump floor inherits the 
initial position of the ravine from which the Batagay thaw slump started 
forming (Kunitsky et al., 2013). In the central part of the thaw slump, the 
valleys of the minor confluents are parallel to each other and drain into 
the main valley almost at right angles (Fig. 10). Presumably, this distinct 
pattern of the erosion network was formed when the thaw slump was 
much smaller and more elongated along the initial ravine, and these 
valleys were consequently formed orthogonally to the receding walls of 
the thaw slump. Later on in the early 1990s, the thaw slump expanded, 
and the western and southwestern walls retreated more intensively 
(Savvinov et al., 2018). This is likely related to the upslope propagation 
of the thaw slump growth around this time that cut the ice-rich Upper IC 
whose near-surface distribution largely resembles the bowl-shape form 
of the upper thaw slump part. In contrast, the narrower lower part of the 
thaw slump is dominated by less ice-rich deposits of the Upper Sand near 
the surface (Table 1). The expansion of the thaw slump edges compli
cated and partly rebuilt the initial pattern of the erosion network and the 
present valley curvatures appeared. 

Most erosion cuts have V-shaped or box-shaped valley transverse 
profiles with narrow ridges. The slopes of the ridges are mostly straight, 
on which there is a gradual shedding of fine sandy material during pe
riods of thaw. The presence of a sufficient slope of the erosion network is 
an important condition to ensure material transport and the progressive 
growth of the thaw slump. The longitudinal profile of erosion ravines 
has a concave form, its inclination increases as it approaches the thaw 
slump headwalls (Fig. 11). 

The cross-profile shape of thaw slump headwalls is determined by 
their cryolithological composition and insolation exposure. Steep slopes 
up to vertical walls and overhangs are observed along the western and 
southern headwalls where the Upper IC and Lower Sand are exposed. 
The parts of the wall which are built by the Lower Sand are vertical 
along its entire length (Fig. 4). The profiles of the Upper IC demonstrate 
a strong relationship with insolation exposure. In the northwestern part 
of the thaw slump, the Upper IC wall is steep (profiles 2 and 3, Fig. 6), 
and faces toward the south and southeast, the slope inclination de
creases and the profile changes to a concave one (profiles 4–6; Fig. 6). 
We assume that this change in the Upper IC slope morphology is due to 
the fact that the western wall is characterized by the higher amount of 
incoming solar radiation seasonally and annually, which covers the 
entire height of the wall (Fig.7b). In this case, both the upper part of the 
wall, composed of the Upper IC, and the lower part of the wall, 
composed of the Lower Sand, retreat at similar rates, which ensures the 
overall vertical profile of the slope. The southwestern and southern walls 
are shaded in the middle of the day with maximum solar radiation, and 
the lower part of the wall, composed of the Lower Sand, is maximally 
shaded. Thus, the rates of thawing and retreat of this lower and rela
tively ice-poor part (Table 1, TVIC ca. 50–54 %) of the section are 
decreasing. The upper part of the section, composed of ice-rich Upper IC 
(Table 1, TVIC ca. 84–87 %), receives more solar radiation and deposits 
thaw due to diffuse radiation and warm air temperatures, resulting in a 
more intensive retreat. As a result, a two-part profile is formed that 
comprises a concave upper part (within the Upper IC) and a vertical 
lower part (within the Lower Sand). 

On the northern and eastern walls of the thaw slump, the deposition 
of sandy material and diluvial washout predominate, as there are no 
areas with exposed ice-rich deposits. 

Several sites with baydzherakhs are located at the floor of the thaw 
slump. The top height of the baydzherakh sites roughly corresponds to 
the base of the Upper IC. Consequently, baydzherakhs can either be the 
remaining central sedimentary parts of the ice-wedge polygons after the 
complete melt of ice wedges (residual stage according to Romanovsky, 

Fig. 8. Morphometric schemes of the thaw slump showing (a) slope inclination, 
(b) surface dissection and (c) relief types of the thaw slump floor and the walls. 
The relief types are distinguished as (A) terrain with a strong dissection; (B) 
terrain with medium dissection; (C-1) terrain with low dissection: floor of the 
thaw slump with residual hills; (C-2) terrain with low dissection: elevated 
remnants in the floor of the thaw slump; (C-3) terrain with low dissection: 
flattened areas directly adjacent to the western wall; (D) vertical walls with 
slight inclinations; (E) Two-part profiles with an inclined upper part and a steep 
lower part; (F) concave steep slopes; (G-1) thalwegs of erosion ravines, G-2 and 
G-3 thalweg lines for hypsometry profile on Fig. 11. 
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1977) or they represent a layer under which the lower parts of ice 
wedges are buried to a depth exceeding active layer thickness (conser
vation stage). 

The western headwall with a maximum height and a steep vertical 

profile is built of exposed sediments of the Upper IC and the Lower Sand. 
Below these sections of the headwall, the slump floor is characterized by 
a flattened relief. Flattened areas at the floor of the thaw slump (C-3) are 
marked in two areas directly adjacent to the western wall. Presumably, 

Table 2 
Statistics of morphometric characteristics of various types of relief areas within thaw slump floor. Relief type numbers in the left column correspond to the designations 
in Fig. 8c.  

Relief type Height 
[m a.s.l.] 

Slope 
[degree] 

Dissection 
[m] 

Mean Min Max Mean Min Max Mean Min Max 

A  235  195  288  36  0  88  8.3  1.4  16.0 
B  235  197  282  28  0  89  5.9  2.4  13.2 
C-1  252  231  285  26  0  87  4.9  2.3  9.8 
C-2  250  255  268  26  0  85  4.9  2.4  9.9 
C-3  248  235  270  21  0  89  3.5  2.2  7.3  

Fig. 9. Fragment of terrain with low dissection (C-3; marked in green) at the floor directly in front of the vertical retreating wall in the northwestern part of the thaw 
slump between sections I and II. Overhanging sediments of the Upper IC over a vertical wall of the Lower Sand are noted in the headwall and marked by yellow 
arrows. Cryolithological boundaries are marked as dotted red lines. Persons are circled in red for scale. 

Fig. 10. Downslope view of the orthogonal pattern of minor confluents attached to the main valley that inherits the position of the initial thermal erosion ravine.  
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the formation of such surfaces is possible where ice content is locally 
increased in the section, which, during thaw, leads to a deficit of solid 
sediment yield and an excess amount of meltwater, which easily carries 
the collapsed and thawed material through the erosion network out of 
the thaw slump. For this part of the headwall, this effect is likely 
amplified by its exposure to insolation. Both effects facilitate the highest 
vertical headwall dimensions of the entire slump which in turn also 
leads to exposure of the lowermost stratigraphic unit (Lower Ice Com
plex) and the thickened Upper Ice Complex in the northern part, 
respectively. 

The lowered heights of the flattened areas in the Batagay thaw slump 
floor, compared to the ridges within the main part of the floor, indicate 
that these flattened areas are a fairly new formation that did not exist 
earlier in the history of the thaw slump. If the appearance of such sites 
would be a common occurrence, they would be dissected by erosion and 
residual ridges as in the rest of the area. In this case, the heights of the 
residual ridges should approximately correspond, or rather, be slightly 
lower than these flattened areas. However, the opposite pattern is 
observed, flattened areas have lower heights. The observed deepening of 
the thaw slump floor below the western wall is likely associated with an 
increase in ice content in the part of the section that has been exposed 
and eroded in recent years. Probably, the sediments that built the central 
part of the thaw slump had somewhat lower ice contents. 

Considering the above-mentioned assumption and the presence of 
baydzherakhs on the surface of a number of large remnants, we assume 
that these baydzherakhs mark areas where the lower parts of the ice 
wedges of the Upper IC melted only after the wall retreated. When the 
edge of the thaw slump was located in these areas, the height of the 
headwall was lower than the modern one and the foot of the wall did not 
reach the foot of the Upper IC. Accordingly, only the upper part of the 
section was affected by lateral thermal denudation. The lower parts of 
the ice wedges of the Upper IC melted out somewhat later, being situated 
on the gently sloping surface of the floor of the thaw slump. If so, 
thawing from above or frontal thermal denudation of the thermokarst 
type with subsidence of the surface above the melting ice wedges 
occurred, while the central sedimentary polygon centers remain some
what longer and form the observed baydzherakhs. A similar situation 
can be observed in the course of profile 7 (Figs. 2, 6). 

5. Discussion 

5.1. Processes of thaw slump formation 

Retrogressive thaw slumps occur exclusively in areas with high 
ground-ice content, such as tabular ground ice or the Yedoma Ice 
Complex (Runge et al., 2022). In terms of location, RTS can be situated 
on inland plains within slopes, where they occur when seasonal thawing 
affects ice-rich permafrost, and on retreating lake shores or river banks 

due to lateral erosion. A significant number of RTS are located on the 
Arctic sea coasts, undercut by thermal abrasion (Are, 1980). 

The RTS shape in plan is either semicircular, bowl-shaped in cases 
when the landform starts to grow “from a point” with an initial mudflow 
from a local outcrop of ice-rich permafrost. RTS with an elongated shape 
along the coast, such as a thermal terrace, is formed, when the outcrop of 
ice-rich permafrost occurs along a wide front of a retreating coast of the 
sea or lake, i.e. “from a line”. Thus, the landform is determined by the 
local relief situation, the planar morphology and the thickness of the ice- 
rich horizon. 

The large RTSs often are polycyclic forms and contain several cuts of 
different ages, sequentially embedded into each other (e.g., Lantuit 
et al., 2012). The stages of RTS active growth and expansion are fol
lowed by stabilization stages associated with the flattening of the RTS 
floor due to the accumulation of slumped material that exceeds seasonal 
thawing. In principle, this scheme is universal and is described in Lantuit 
and Pollard (2008) for the large onshore RTS on Herschel Island, as well 
as in Lantz and Kokelj (2008) for RTS of the Mackenzie Delta region and 
in Leibman et al. (2021) for RTS on the Yugorsky Peninsula. Unlike these 
large polycyclic RTS, there are no periods of stabilization of the Batagay 
thaw slump or a decrease in the activity of its expansion. From the end of 
the 1990s to present, there has been an ongoing retreat of the headwalls, 
increasing RTS area from year to year (Savvinov et al., 2018; Vadak
kedath et al., 2020) although some slopes in the northern part of the 
headwall and in the lower part of the slump seems to have stabilized. 

The set of relief-forming processes involved in RTS growth is fairly 
standard. Melting of ice-rich permafrost in the headwalls occurs as a 
result of the thermal effects of solar radiation and air heat. The ratio of 
meltwater to sediment in the thawed material is determined by total 
volumetric ice content. Meltwater flow promotes the formation of 
erosion cuts through which the thawed solid material is washed away. 
Some differences arise in the transportation of thawed and slumped 
material, depending on the location of the RTS close or at a distance 
from a lake or sea coast. The proximity of this base level of erosion and 
its constancy or mobility determines the shape of the longitudinal profile 
of erosional ravines. 

The Batagay thaw slump is a unique permafrost degradation land
form by its dimensions and the highest amounts of mobilized volumes 
ever reported. At coastal sections in the Laptev Sea region, steep head
walls of thaw slumps are commonly limited to and mainly built of 
Yedoma Ice Complex deposits reaching substantially lower heights such 
as up to about 15 m headwall height at both coasts of the Dmitry Laptev 
Strait on the southern shore of Bol'shoy Lyakhovsky Island (e.g., Wet
terich et al., 2021) and the Oyogos Yar mainland coast (e.g., Tumskoy 
and Kuznetsova, 2022). The extraordinarily high headwalls of Batagay 
were formed due to both the presence of a very thick section of ice-rich 
Pleistocene deposits and its location on a slope which allows the removal 
of material due to erosion and the deepening of the thaw slump floor. 

Fig. 11. Longitudinal profile along the two main erosion ravines (locations are indicated in Fig. 8c).  
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Similar significant heights of the retreating headwall, reaching up to 33 
m, were recorded in one of the coastal thaw slumps on the Yugorsky 
Peninsula, where two horizons of tabular ground ice are exposed 
(Kizyakov, 2005). In the Canadian High Arctic on Ellesmere and Axel 
Heiberg islands, thaw slumps are observed in deposits containing 
massive ice bodies within marine deposits. Here, headwall heights are 
limited to about 20 m (Ward Jones et al., 2019) as also on Herschel Is
land in a similar setting in the Western Canadian Arctic (Lantuit and 
Pollard, 2008). Thaw slumps of the Peel Plateau formed in fluvially 
incised hummocky moraine deposits reach headwall heights of up to 33 
m (Kokelj et al., 2017). 

The combination of the aspect of the headwall with the exposed ice- 
rich horizons and the height of the outcrop determine the differences in 
the amount of incoming solar radiation. According to our field obser
vations on the Yugorsky Peninsula (Kizyakov, 2005) as well as on Yamal 
Peninsula (Khomutov et al., 2017) and in the Canadian High Arctic 
(Ward Jones et al., 2019), RTSs located at high latitudes far north of the 
Arctic Circle, the headwall aspect (insolation exposure) during the polar 
day is not as important as for more southern RTS such as the Batagay 
thaw slump. Here, we found a spatial links between the morphology of 
the headwalls and the floor terrain, and the peculiarity of the cry
olithological structures of the exposed strata (mainly the total volu
metric ground ice content) as well as with the insolation exposure of the 
headwalls. 

5.2. Expected future development of the Batagay thaw slump and the 
significance of rapid permafrost thaw 

The cryolithological structure of the headwall exposed during the 
survey in March–April 2019, the morphology of the slopes and the slump 
floor allow us to assume that further development and increase in the 
size of the thaw slump is very likely in coming years. The highest growth 
rates are expected on the western and southern headwalls. The north
western part of the edge may stop retreating, as in this area the ice 
content is low and the thaw slump is expected to merge with the ravine 
north of the slump that has stabilized slopes (partly seen in Figs. 1b and 
2). Further, we assume that the walls built of ice-poor Upper Sand de
posits in the northern and eastern parts will retreat at lower rates 
compared to those consisting of the ice-rich deposits of the Upper IC. 

A potential limitation on growth of the thaw slump up the slope 
toward the southeast may be the reduction and complete disappearance 
of the ice-rich Upper IC when approaching the slopes of bedrock 
mountains such as Mount Khatyngnakh to the southwest, where bedrock 
almost reaches the surface and where crushed rock is mined in a quarry 
(Tumskoy et al., 2021), and also Mount Kirgillyakh to the northwest. 
Thus, the Batagay thaw slump might still grow in upcoming years and 
probably decades. However, as the presence of near-surface ice-rich 
deposits is the major precondition for further development, the ice 
distribution will define the final dimensions of the growing thaw slump. 

The emergence of thaw slumps can be due to both, natural causes 
and anthropogenic impacts. Forestry, clearing, transportation, explora
tion and mining activities on the Yana Upland since about the 1940s 
created small-scale thermo-erosional ravines at multiple sites – as it was 
the case for the Batagay thaw slump – which might easily develop into 
larger thaw slumps if ice-rich permafrost starts degrading (Savvinov 
et al., 2018). We assume that the erosional effect will be larger in the 
extensions of such thermo-erosional valleys that provide a routeway for 
rain and snowmelt than in other areas of the slump. 

Savvinov et al. (2018) related episodes of extraordinary warm and/ 
or wet summers in past decades to intensified thermal denudation in the 
Batagay thaw slump, emphasizing the climate sensitivity of large-scale 
and rapid permafrost disturbance. Runge et al. (2022) assessed the 
distribution of retrogressive thaw slumps and their temporal dynamics 
across northern Siberia for 2001–2019, and revealed a >3-fold increase 
in area affected by retrogressive thaw slumps, intensified from 2016 
onward. Such observations are in line with the projected intensification 

of abrupt permafrost thaw (e.g., Nitzbon et al., 2020). 
Taking into account anthropogenic global warming and its Arctic 

amplification, the activation of existing and the emergence of new thaw 
slumps is expected in those areas where intensified seasonal thawing has 
not yet affected deeper ice-rich sediments. The emergence of new thaw 
slumps is most likely in the northern regions of permafrost, where near- 
surface ice-rich sediments did not thaw during the Holocene optimum. 
Heatwaves and wildfires across Siberian tundra and taiga regions have 
become common every summer over the last decade (e.g. Kharuk et al., 
2021), and have drastic consequences on ecosystems, but also on 
permafrost stability as they disturb the thermal balance required to 
maintain a stable frozen state (e.g., Yanagiya and Furuya, 2020). 

Northern taiga landscapes with near-surface ice-rich permafrost such 
as Yedoma Ice Complex deposits are highly vulnerable to (thermal or 
mechanical) disturbance, and lose – if slightly disturbed – their bearing 
capacity to retain soil, leading to solifluction, mudflows and surface 
detachments; intensified by terrain gradients. This can be illustrated 
using a modern example close to the Batagay thaw slump. In summer 
2018, about 2 km southeast of the Batagay thaw slump, a wildfire 
occurred (Fig. 12a). As observed 3 years later in September 2021, the 
post-fire succession of the vegetation cover took place by moss-lichen- 
grass communities including Aulacomnium turgidum (mountain groove- 
moss), Cetraria cucullata (lichen) and Helictotrichon krylovii (alpine oat
grass). In order to counteract the further spread of the wildfire in 2018, a 
firebreak, i.e. trench, was established that turned out to be a channel for 
temporary surface water and mud flow (Fig. 12b and c) in the following 
years. The absent (burnt) vegetation cover in 2019 (a significant area to 
the east of the thaw slump, shown in Fig. 1b) accompanied by increasing 
soil temperatures promoted initial surface subsidence and the activation 
of slope gullying. As a result of human fire-prevention measures and 
drainage in September 2021, erosion was activated in six gullies east of 
the Batagay thaw slump. The closest gully is 0.3 km from the outflow of 
the thaw slump. At a distance of 2 km from the thaw slump, there is a 4 
km long gully with exposed wedge ice (Fig. 12d). Such initial permafrost 
degradation features might promote further thermal denudation and 
slump formation. However, one of the main concerns is the wildfire 
hazards in the region, in addition to warming and the vulnerability of 
the boreal ecosystem against these factors. From the anthropogenic 
point of view, firefighting measures should aim at preserving the forest, 
i.e. without disturbance of the soil and vegetation cover. 

6. Conclusions 

Using field data, aerial imagery, and a digital surface model obtained 
at the Batagay thaw slump, we were able to differentiate the internal 
structures of the thaw slump in detail into three terrain types on its floor 
and three headwall types. The floor terrain types are classified by height, 
slope and dissection within an orthogonal pattern of minor confluences 
connected to the main outflow channel that inherits the position of the 
initial thermal erosion ravine. The profile shapes of the headwall types 
are determined by the varying permafrost properties of the sections, 
including ice content and wedge-ice presence, and the varying diurnal 
and seasonal insolation of different parts of the headwall reaching up to 
55 m below surface. 

Flattened areas of the slump floor below the western wall caused by a 
higher ground ice content in this part of the section that is currently 
undergoing intense thermal denudation. The high total volumetric ice 
content values of the Upper Ice Complex (up to about 87 %) and in the 
Lower Sand (up to about 54 %) ensure high headwall retreat rates and a 
deficit of solid sediments that is easily washed out through the erosion 
network. At the present stage, thermal denudation on the headwalls is 
ahead of the transformation of the terrain of the thaw slump floor due to 
erosion. 

Before the present state, the lower parts of the ice wedges did not 
melt in the laterally retreating vertical headwalls, but later as a result of 
permafrost thawing at the slump floor that resulted in the appearance of 
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baydzherakhs. 
Even under the conditions of ongoing and intensified climate 

warming, it is likely that the expansion of the Batagay thaw slump will 
be spatially limited by the distribution of near surface ice-rich sediments 
up the hillslope. Although Batagay thaw slump initiation was not caused 
by climate warming, its further growth dynamics are believed to be 
amplified under current conditions with higher air and ground tem
peratures and more summer precipitation. 
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