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ABSTRACT

Retrogressive thaw slumps (RTS) are an important landform of rapid permafrost degradation in regions with very
high ground ice contents. RTS mobilize significant amounts of sediment, meltwater and organic carbon and
impact downstream hydrological systems by directly affecting topography and water quality. The term mega-
slump has previously been coined for RTS exceeding 20 ha in size. The Batagay megaslump in the Yana highlands
of NE Siberia with an area of 87.6 ha (in 2023, including the bowl-shaped part and the erosional outlet) has been
identified as the largest megaslump on Earth. We use very high resolution remote sensing from satellite data and
drones, geological structure modeling, and field data to assess how much and what material is thawed and
mobilized in the Batagay megaslump. The total volume of permafrost thaw and material loss from the Batagay
RTS amounts to about 1 million m® per year. The material is by one third composed of thawed sediments and by
two thirds of melted ground ice. About 4000 to 5000 tons of previously permafrost-locked organic carbon is
released every year. Organic carbon content has been measured as Total Organic Carbon (TOC) of sediments and
as Dissolved Organic Carbon (DOC) of ground ice. From its formation in the 1970s until 2023, the Batagay RTS —
due to thermal denudation and headwalls retreat — mobilized a total volume of about 34.7 million m® of which
23.4 million m® were melted ground ice and 11.3 million m® were thawed deposits including a total of about
169,500 t organic carbon. With these rates of sediment and carbon mobilization, the Batagay megaslump is not
only a prominent local feature of rapid permafrost thaw, but offers excellent conditions to study rates and
mechanisms of rapid permafrost degradations and to calculate the stock and release of, e.g., organic matter.

1. Introduction

precipitation in the Arctic (IPCC, 2021), leads to changes in the tem-
perature state of permafrost (Smith et al., 2022), an increase in the depth

Modern climate warming, indicated by rising in air temperature and of seasonal thawing (Romanovsky et al., 2017), and activation of
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processes associated with permafrost thawing (Zhang et al., 2022; Li
et al., 2024). These geomorphological processes are widespread and
result in mass movements leading to the mobilization of matter that has
been preserved in the frozen state for a long time (Turetsky et al., 2020).
These processes of permafrost degradation are highly dynamic and
facilitate the transport of mobilized matter over significant distances
(Lantuit et al., 2009; Littlefair et al., 2017; Zhang et al., 2022). Rapid
permafrost thaw features are widespread and observed to increase in
Arctic and sub-Arctic ice-rich permafrost terrain (e.g., Runge et al.,
2022). Such intensification of permafrost degradation processes is
linked to the changes of the Arctic hydrological and thermal regimes by
warming, increased precipitation, and increased snow cover thickness,
which induces deepening of the seasonally thawed (active) layer
covering the permafrost (e.g., Douglas et al., 2021). In addition, natural
and anthropogenic disturbances such as taiga and tundra fires (e.g.,
Yanagiya et al., 2023), coastal erosion (e.g., Nielsen et al., 2022), or
technogenic disturbance of the land surface (e.g., Streletskiy et al.,
2012) facilitate rapid permafrost thaw processes. One of the most
common rapid permafrost disturbance features are retrogressive thaw
slumps (RTSs), which are - if exceeding a surface area of 20 ha -
considered as megaslumps (Lacelle et al., 2015).

The so-called “Batagay crater” or Batagay megaslump, whose growth
emerging from a pre-existing hillslope ravine was firstly recognized on
satellite imagery of 1991 (Kunitsky et al., 2013). Since then, average
headwall retreat rates have been calculated for different sections of the
feature, reaching 7 to 15 m per year (in 2004-2010; Kunitsky et al.,
2013), 11.3 to 14.9 m per year (in 1991-2018; recalculated from area
loss data given in Vadakkedath et al., 2020) and even up to 30 m per
year (Giinther et al., 2016). Additionally a few studies have been carried
out to project the RTS’s further growth (Matchitov et al., 2022).

Previous results of an unmanned aerial vehicle (UAV) survey and of
laboratory data on ice and sediment composition obtained in 2019
allowed a characterization of the volumetric ice content distribution of
the exposed cryolithological horizons in the largely vertical RTS head-
walls and to identify the main morphological features of the landforms
on the RTS floor as well as the headwall’s morphology (Kizyakov et al.,
2023).

The study of the Batagay RTS provides insights into drivers and
processes of rapid permafrost thaw possibly predefined by cryolitho-
logical (permafrost) properties such as ice content, horizon thickness,
and material parameters, which control the morphology and the
expansion (headwall retreat) rates of the RTS.

As a result of processing of UAV imagery of 2019 and 2023 as well as
stereo-pairs of satellite images of 2014, a series of digital surface models
(DSMs) was constructed that characterizes the successive stages of three-
dimensional (3D) expansion of the Batagay RTS, i.e., headwall retreat
and deepening of the RTS floor.

This study presents the results of 3D geological modeling that un-
ravels the cryolithological subsurface structure of the key-site and an
assessment of thawed-sediment and meltwater fluxes during the RTS
growth since initiation. As fluxes we consider only the mobilization of
material that was preserved in a frozen state, and then thawed and
moved from its location in a permafrost sediment section. This release of
material is associated with thermal denudation of ice-rich deposits and
RTS’s headwalls retreat. We do not consider the end point of the fluxes
and the final receiving basin. It is obvious that part of the material
released with thermal denudation can be retained for long of short
times, in various parts of transportation route, such as at the RTS floor,
along the length of a thermal-erosional ravine, and can also be deposited
in the alluvial accumulation of the Batagay River valley. By linking on-
site observations, laboratory analyses, and satellite and UAV imagery
products the present study aims to (i) identify major controls on
degradation pattern and intensity of the Batagay RTS, (ii) calculate the
flux budgets of sediment, organic carbon, and ground ice, and (iii) to
deduce the temporal pattern of sediment, organic carbon, and meltwater
fluxes for the observation period in three time steps: (1) since formation
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of the RTS to 2014, (2) from 2014 to 2019, and (3) from 2019 to 2023.
2. Study area

The Batagay thaw slump near the settlement of Batagay is located in
the Yana Uplands of interior Yakutia (north-eastern Siberia, 67.58°N,
134.77°E) 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.; Fig. 1). The climatic conditions are strongly continental as seen
in low mean annual precipitation (MAP) of 203 mm (1988-2017) and
high annual air temperature amplitudes between —40 °C in winter
(mean Dec-Feb) and 13.7 °C in summer (Jun-Aug). The mean annual air
temperature (MAAT) is —12.4 °C (period 1988-2017; Murton et al.,
2023). Since 1950, the MAAT has increased by >2 °C and the MAP by
>50 mm (Savvinov et al., 2018). The continuous permafrost of the re-
gion reaches ~300 to 500 m deep with mean annual ground tempera-
ture between —9 and —7 °C at the 10-14 m, which is the depth of zero
annual amplitude (Geocryological Map of the USSR, 1996).

In the western part of the Batagay RTS, the headwall rises up to about
55 m above the slump floor, exposing six cryostratigaphic horizons of
ancient permafrost deposits (Murton et al., 2022). From floor to top, the
lowermost exposed horizon is the Lower Ice Complex (Marine Isotope
Stage (MIS) 16 or earlier) overlain by the Lower Sand horizon (some
period between MIS 16 and 6). In the top part of the Lower Sand, the
Reddish layer is a well-recognized lithological boundary on the imagery.
For the sediment flux assessment it was interpreted as part of the Lower
Sand horizon. The overlying Woody Layer (presumably a paleosol) in-
cludes lenses of woody material of paleo-erosional cuts (MIS 5; discon-
tinuously distributed, in places present as up to 3 m thick lenses). The
upper horizons are the Upper Ice Complex (MIS 4-2), the Upper Sand
Unit (MIS 3-2) and the Holocene Cover on top (MIS 1). Previous
research addressed various paleo-aspects of the Batagay permafrost
archive (e.g., Ashastina et al., 2017a, 2018; Kienast et al., 2018; Murton
et al., 2017, 2022; Opel et al., 2019a, b; Vasil’chuk et al., 2019, 2020;
Courtin et al., 2022; Jongejans et al., 2022a), while the most recent
overview is given in Murton et al. (2023).

Here, instead of using a cryostratigraphic division of the strata based
on dating (Murton et al., 2023), we use a division into cryolithological
horizons based on differences in cryogenic structure and, first of all, on
volumetric ice content due to the presence of vast ice-wedges. This di-
vision inherits our approach published earlier (Kizyakov et al., 2023)
and is most consistent with the task to calculate the erosional budgets of
sediment and meltwater fluxes.

In the following, we will use the “Batagay site”, meaning the portion
of the slope surrounding the RTS, the subsurface structure of which we
are modeling and discussing as an extrapolation of data on the 3D po-
sition of the boundaries of the cryolithological horizons exposed in the
RTS.

3. Materials and methods
3.1. Fieldwork

In spring 2019, frozen sediment samples were acquired by contin-
uous sampling along the ~55 m deep western headwall on climbing rope
and complemented by additional sampling sites on the slump floor and
slopes (Jongejans et al., 2021; Jongejans et al., 2022a); covering the
entire exposed cryolithological inventory (Table 1). Airborne imagery
was obtained in 2019 from UAV surveys using a DJI Phantom 4
Advanced drone (with 1-in. 20 megapixel CMOS sensor and f/2.8 wide-
angle lens) (Kizyakov et al., 2023). Further fieldwork has been under-
taken in spring 2020 to drill cores of permafrost deposits from the close
surroundings of the Batagay thaw slump. These cores have been used to
identify the depth of boundaries between the single cryolithological
horizons in addition to the estimates from the exposures within the
slump. The depth of borehole 3-20-B was 32.4 m, and those of borehole
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Fig. 1. Location of the Batagay RTS key-site (a) in Eastern Siberia, its topography (b) based on a DSM from 2014. The yellow, the green and the red lines delineate
the RTS extent, based on satellite and UAV imagery, in 2014, 2019 and 2023. The blue dashed line delineates the location of the cross-section, presented in Fig. 5. The
locations of boreholes drilled in 2020 are shown as blue points. The aerial view shows (c) the RTS at the end of July 2023 (oblique aerial image by A. Lupachev). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1

Median values of quantitative characteristics of the cryolithological horizons, that were used in the 3D geological model. Initial sample data are given in Table S1. VICS
— volumetric ice content, WIV — wedge-ice volume, sed + ice — sediment and intrasedimental ice, n/a — not analyzed.

Cryo- lithological Material VICS WIv DOC [kg TOC [kg Summarized organic carbon content per horizon Sand Silt Clay
horizon m~3] m3] [kg m 3] [%] [%] [%]
Cover Layer sed + ice 0.5 n/a 0.1069 9.3 4.7035 56 37 7
Upper Sand sed + ice 0.508 0.076 n/a 19.2 8.7285 17 77 6
Upper Ice Complex sed + ice 0.564 n/a 0.3461 17.943 2.7373 47 47 6
wedge n/a 0.66 0.0168 n/a n/a n/a n/a
ice
Woody Layer sed + ice 0.469 0.093 0.4309 26.1 12.7538 49 46 5
Lower Sand sed + ice 0.469 0.093 0.2021 10.831 5.3023 54 42 4
Lower Ice Complex sed + ice 0.532 n/a 0.7157 11.295 2.5611 55 40 5
wedge n/a 0.55 0.0201 n/a n/a n/a n/a
ice
2-20-B was 73.6 m (Fig. 1). In borehole 2-20-B, bedrock was found at a Grechishchev and Shur (1990):
depth of 71.4 m below surface and we used this information to model the TVIC — WIV + VICS x (1 — WIV) o)

top of bedrock. In summer 2023, new airborne imagery was obtained
from UAV surveys using a Mavic mini 3 pro with 1/1.3-inch 48 mega-
pixel CMOS sensor and f/1.7 wide-angle lens.

3.2. Laboratory determination of sample properties

To determine the total volumetric ground ice content (TVIC) of each
exposed cryolithological horizon, the wedge-ice volume (WIV) and the
volumetric ice content (VICS) of sediments between ice wedges were
determined as described in Kizyakov et al. (2023) using Eq. (1) after

The WIV was calculated based on its visible proportion in the
headwall in a series of UAV imagery taken perpendicular to the headwall
from the middle of its height, while the intrasedimental ice content
(W) was determined on 77 frozen samples as the gravimetric ice
content by measuring the difference in weight percentage (wt%) be-
tween wet (frozen) and dry weights after freeze-drying (Zirbus Sub-
liminator 3-4-5). To calculate the volumetric ice content of sediments
between ice wedges (VICS), we used the Eq. (2) after Tsytovich (1973)
and Grechishchev and Shur (1990) assuming the dry sediment density
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(p) of 1500 kg m3 (Tsytovich, 1973), the ice density (p;) of 917 kg m3
(Harvey, 2019) and the moisture content due to unfrozen water (W,,) as
0.01 (Kizyakov et al., 2023):

VICS — Pa X (er - Ww)

P X (1+ W)’ &)

The grain-size distribution (GSD) of the freeze-dried sediments was
determined by laser diffraction particle analyses (Malvern Mastersizer
3000), and further analyzed using Gradistat 8.0 software (Blott and Pye,
2001) for sand-silt-clay distribution and arithmetic mean grain size in
pm. In the following, sediments with grain-size of 2000 to 63 pm are
considered as sand, 63 to 2 pm as silt, and < 2 pm as clay. Further details
of GSD sample preparation and laboratory procedures are given in
Schirrmeister et al. (2020). Total organic carbon (TOC) contents of 108
sediment samples were measured with the elemental analyzer Ele-
mentarVario MAX C for TOC (analytical accuracy +0.1 wt%; Jongejans
et al., 2022a). Additionally, we included previously published TOC data
(39 samples) from several cryolithological horizons (Table S1) (Ashas-
tina et al., 2017a, 2017b; Jongejans et al., 2022b; Opel et al., unpub-
lished 2017 data). The concentrations of dissolved organic carbon
(DOQ) in intrasedimental ice of the frozen deposits and in wedge ice
were derived from 36 samples and 47 samples, respectively. After thaw
of the frozen samples (or melt of the wedge-ice samples), meltwater was
filtered in a glass filtration unit using pre-combusted glass fiber filters
(Whatman GF/F; diameter: 47 mm, pore size: 0.7 pm). To prevent mi-
crobial conversion, the samples were acidified with HCI suprapur (30 %)
to pH < 2. The DOC concentrations (mg L) were measured with a high-
temperature (680 °C) combustion total organic carbon analyzer (Shi-
madzu TOC-VCPH). The device-specific detection limit is 0.4 pg L™L.
Further details on DOC laboratory procedures are given in Wetterich
et al. (2023).

The summarized organic carbon content within the cryolithological
horizons, taking into account the content of organic carbon in the sed-
iments, DOC in ice wedges and DOC in intrasedimental ice, was calcu-
lated as follows:
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satellite imagery of 2014 (Giinther et al., 2015). This DSM and the
orthorectified image are used as reference. Using these reference data-
sets, a series (n = 36 for 2019 survey and n = 42 for 2023 survey) of
reference control points (RCPs) were collected, which are distributed
both within the RTS floor and on the surface of the slope outside the
megaslump. RCPs were used at the stage of dense point cloud con-
struction for co-registration of the aerial image orthomosaics of the
spring 2019 and summer 2023 surveys. This spatial alignment of multi-
temporal remote sensing data makes it possible to deduce the terrain
changes between 2014, 2019 and 2023.

Based on the DSM of 2019, the slope terrain prior to the emergence of
the thermal-erosional valley and the RTS formation was reconstructed.
This surface was used as base topography in our 3D geological modeling
of the cryolithological horizons structure at the site.

3.4. 3D geological modeling of the subsurface structure

We used the RTS model built in Agisoft Metashape with the original
vertical and perspective drone images of the 2019 survey as a drape-over
to identify the boundaries of cryolithological horizons (Fig. 2). Addi-
tionally, we used field observations of horizon positions from previous
field surveys (Murton et al., 2017; Ashastina et al., 2017a; Opel et al.,
2019a).

Within the RTS headwall, horizon boundaries are exposed along
nearly 1.6 km length in the main part of the bowl-shaped RTS and
additional outcrop fragments showing horizon boundaries are present
on both sides of the northeastern erosional valley (Fig. 2). Based on all
this available information on the traceable horizon boundaries, we
reconstructed the 3D position of horizon boundaries at the Batagay site.

The shapefiles created in Agisoft Metashape with the 3D positions of
the horizon’s boundaries identified in the headwall exposures as well as
from drilling and DSM data were used as a basis for geological modeling
in the Petrel ver.2020.5 (Schlumberger software package).

We applied a standard workflow for the creation of the geological 3D
model. Initial data for the 3D model creation were several DSMs and

Summarized organic carbon content within horizon = [Sediments (TOC 4 DOCiyasedimental_ice ) | + [Ice Wedges (DOCiCLnges) ]
= [(1 = WIV) (DOCinyasedimentat_ice VICS +TOC" (1 — VICS) ) ] + [WIV DOCice_uedges) - 3)

To convert laboratory TOC and DOC data to volumetric content per
cubic meter, the following equations were used:

DOC (kg m™) = DOC(mg L™") /1000, 4
TOC per m* = kg/m’)*TOC(wt%) = [1500°TOC(wt%)]/100, (5)

where the density of frozen sediments (p) used in calculations equals
1500 kg m ™~ on average for sandy-silty sediments (Tsytovich, 1973).

3.3. Digital surface model computing

The RTS terrain characteristics were obtained as a result of pro-
cessing airborne imagery from UAV surveys during the field campaigns
2019 and 2023. Vertical, nadir-looking aerial photography was used to
derive the RTS topography. Oblique or horizontal looking aerial
photography of the headwall was used to identify the position of the
exposed cryolithological horizons. Image post-processing was under-
taken using the Agisoft Metashape Professional ver.1.7.1 (Geoscan
software package) to extract orthomosaics and digital surface models
(DSMs).

Furthermore, a DSM was extracted from a stereopair of WorldView-1

surfaces that present the boundaries between strata as identified during
field observation, from UAV data processing, and from drilling. The
uppermost surface is the reconstructed DSM prior to RTS formation, i.e.,
representing an undisturbed slope surface before the initiation of the
ravine and the RTS. Taking into account the more or less gentle topog-
raphy of Batagay river valley and the absence of distinct variations in the
thickness or altitude of the top and base of most of the identified hori-
zons (with the exception of the Upper Sand) in exposures, these
boundaries were initially approximated by surfaces close to the slightly
inclined slope. Monocline surfaces have undergone minor manual
correction to match with field data. The 3D model is a Corner Point Grid
constructed using the Pilar Gridding method (Fremming, 2002). The
first stage of modeling is the creation of the skeleton, which determines
the limits and the planar geometry of the model cells. The dimensions of
the key-site model are 2714 x 2690 m, divided into 1357 x 1345 cells.
The average size of cells is 2 x 2 m and was deduced from the initial data
resolution of the DSM of 2014. Further, the spatial relationships between
the surfaces were entered, such as conformable, erosional cut or on lap.
The model was then divided into vertical elements, a processing step
called layering. We use 160 layers with a floating thickness from 0.1 to 2
m.

During the property modeling, the quantitative geological
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Fig. 2. Distribution of the cryolithological horizons and section elements on the headwall exposures of the Batagay RTS (see also Figs. 5, 6). The RTS terrain and

image drape-over is based on a drone survey in spring 2019.

characteristics were defined. The cryolithological horizons are assigned
with properties of sediment and ice-wedge samples that were deter-
mined in the laboratory (Table S1). As the sampling was localized
mainly within one vertical profile and several additional points (Jon-
gejans et al., 2022a; Kizyakov et al., 2023), for each horizon a median
value was used to characterize its respective properties in the 3D model
(Table 1).

3.5. Sediment and meltwater flux assessment

The total flux of sediment and meltwater associated with RTS
expansion over time was calculated as the volumetric difference be-
tween the DSMs of 2014, 2019 and 2023. The resulting DEM difference
is a per pixel assessment of the elevation difference and multiplied by
the cell size represents the volumetric changes. The volume of deposits
mobilized between the time steps represented by the DSMs was further
differentiated by cryolithological horizons. Volume loss was calculated
for each horizon. Based on earlier analysis of ice content distribution
within the section (Kizyakov et al., 2023), the fluxes of solid sediments
and meltwater were identified separately.

The differentiation of the sediment flux according to the

2014-2019

granulometric composition of sediments (sand, silt and clay) and carbon
content was conducted in accordance with the properties of the horizons
(Table 1). The ice/sediment ratio was calculated as a ratio of total vol-
ume of eroded material to the ice volume, expressed as a percentage.

The volume of the sediment flux was calculated in three time steps
(1) from the beginning of the formation of an thermal-erosional ravine
on the slope to 2014, (2) from 2014 to 2019, and (3) from 2019 to 2023.
We acknowledge that these time slices are wide and do not allow to
precisely assess the interannual variability of RTS volumetric growth,
which could then be compared with meteorological data to establish
clear relations of thermal denudation rates on finer temporal resolution.
The volumetric difference between the 2014, 2019, 2023 DSMs, how-
ever, allowed us to make first-order estimates of the average annual
sediment and meltwater fluxes for comparison with other RTS and areas
of intense permafrost degradation.

The two intervals 2014-2019 and 2019-2023 have different dura-
tions in terms of warm season length, when the main growth of the RTS
occurs. Thawing degree-days (TDD) were calculated as the sum of daily
mean air temperatures (>0 °C) based on data from the Batagay meteo-
rological station (Fig. 3; Weather schedule rp5.ru, n.d.). The 2019 field
survey was taken at the end of March, thus it captures the state of the

2019-2023

Air temperature [°C]

-60
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T T T T
01/01/15 01/01/16 01/01/17 01/01/18

Time

T
01/01/19

T T T T
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Fig. 3. Air temperature (above 0 °C filled by red, below 0 °C filled by blue) and cumulative thawing degree-days (TDD, as green line) at the Batagay RTS. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



A.L Kizyakov et al.

RTS at the end of the warm period of 2018. As the 2014 imagery orig-
inates from May 2014, the period 2014-2019 covers five warm seasons,
including 691 days with an average daily temperature above 0 °C,
amounting to TDD of 7730. The 2023 field survey was carried out in
July, so the period 2019-2023 covers about 4.5 warm seasons, including
656 days with a positive average daily temperature and TDD was 7894.
To calculate the average annual flux from the RTS, the volumetric values
were divided by five (warm seasons) in the first case (2014-2019) and
by 4.5 (warm seasons) in the second case (2019-2023).

4. Results
4.1. Batagay RTS growth in 2014-2023

The main changes in the RTS morphology since 2014 have been
localized in the western, southern and southeastern parts, in particular
at the headwalls with high ice content (mainly in the Upper Ice Com-
plex). Thermal denudation led to an increase in both the RTS width and
its length due to the intensive upslope growth. The maximum RTS width
in 2014 was 790 m and reached 890 m in 2019. In summer 2023, the
RTS was about 990 m wide and the upper slope headwall in the south-
western part was about 2700 m away from the RTS mouth at the Batagay
river bank (Fig. 1). The multi-year average retreat along the headwall
edge in the western, southern and southeastern parts was 56 m in
2014-2019, and 53 m in 2019-2023. While there are almost no spatial
differences between retreat rates at these sites in a 2D view, significant
variations were observed in the change in topography and, accordingly,
in the RTS volumetric growth. The greatest volumetric changes are
confined to the western and southwestern parts of the RTS (Fig. 4),
where the highest headwalls are located, and cryolithological horizons
are exposed down to the Lower Ice Complex. In the southern and
southeastern parts, volumetric changes are smaller and decrease to-
wards the eastern end of the bowl-shaped part of the RTS, accompanied
by the flattening of the headwalls. There is a narrow strip closely along
the RTS western, southern and southeastern headwalls with relatively

(@)

changes in the
elevation, m
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little elevation change between 2019 and 2023, this is due to the profile
of the retreating walls with a slight gentle part at the top. The greatest
influence of inclined walls is observed in the southeastern part of the
RTS. An increase in the width of the gentle sloping headwalls is observed
in the southeastern part of the RTS.

In the area where the bowl-shaped RTS part transforms into the
northeastern erosional valley, on both sides there are steep retreating
headwalls. The multi-year average retreat along the headwall edge on
the northern site of the valley was 9 m in 2014-2019, and 11 m in
2019-2023, while the length of the retreating headwall remained the
same. On the second site located on the southeastern side of the valley,
the length of the retreating walls from 2014-2019 to 2019-2023
decreased by almost twice, and the average value of the headwall retreat
for these periods was 39 m and 30 m, respectively.

In addition to the volumetric changes associated with the lateral
retreat of the subvertical headwalls, volume loss also occurred within
the RTS floor. These changes were associated with (1) thaw subsidence
of remnant ice-rich deposits, (2) sliding and gravitational displacement
of material on the ridges at the RTS floor due to the erosional cut of the
slope base, and (3) erosional washout of sediments on the sides and
bottoms of ravines. An area with significant changes was noted in the
places with baydzherakh (thermokarst mounds) presence within the
elevation limits of the Upper Ice Complex distribution. It should be
noted that within the RTS floor, significant (>1 m) changes in amplitude
are occurring locally. The main area of the RTS floor was rather stable
with elevation changes not exceeding 1 m, which we considered as the
uncertainty threshold below which changes were filtered out due to the
resolution of the DSMs used.

4.2. 3D geological model of the Batagay RTS

Our 3D model of the Batagay site includes the upper part of the slope,
consisting of Quaternary permafrost deposits down to the top of the
bedrock. For the underlying bedrock layer only the upper 20 m are
shown for visualization purposes (Fig. 5). Based on the model results,

(b)

monitoring
periods

2014-2019

i

2019-2023

Fig. 4. Changes in elevation due to Batagay RTS growth (a), calculated as DSMs 2014 and 2023 difference. Growth by periods (b), represented as a RGB composite
showing the difference between the 2019 and 2023 DSMs in purple and between 2014 and 2019 in blue. Saturated colors mark the areas with significant changes in
topography in the respective periods. Lines delineating the RTS extent correspond to the Fig. 1 caption. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 5. Subsurface structures and positions of the cryolithological horizons of Batagay RTS: 1 — Cover Layer, 2 — Upper Ice Complex, 3 — Upper Sand, 4 — Lower Sand,
5 — Reddish Layer, 6 — Lower Ice Complex, 7 — Bedrock, 8 — Contour of the Batagay RTS in 2019. The black line on the cross section planes in the diagram delineate

the RTS topography of 2019 along the cross section.

the thickness of each cryolithological horizon was obtained (Fig. S1).
The Cover Layer has a constant thickness of 2 m, measured from the
DSM, characterizing the mountain slope “before the RTS”. Below the
Cover Layer, due to the spatial variability of the cryolithological struc-
ture of the site, either the Upper Ice Complex or the Upper Sand is
located in different parts of the slope.

In the northwestern part of the RTS, the Upper Ice Complex is
dissected into two sub-horizons, which are divided by “sandwiched”
deposits aligned with the Upper Sand. During modeling, the top of the
Upper Ice Complex was specified as the base of the Cover Layer, which
follows the key-site topography with its variability, therefore the top of
the Upper Ice Complex varies in height, and the thickness of the horizon
is reduced (completely washed out) within the erosion ravines in the
northeastern part of the site. This horizon is exposed over a large extent
of the RTS headwalls and its thickness varies both in the exposure and in
the permafrost cores. In the 3D model, the average thickness of the
Upper Ice Complex is 20-25 m (ranging from 16 to 27 m in different
parts of exposed headwall) (Fig. S1a).

The Upper Sand horizon partly arises within the Upper Ice Complex,
increasing its thickness from 0 m to 20 m, which is recorded in a frag-
mentary outcrop in the northeastern part of the RTS (Fig. S1b). Local
reductions in the thickness of the horizon to 0 m in the northeastern part
of the site are associated with erosional ravines that affect the geometry
of the Upper Sand top, because here the Upper Sand is directly covered
by the Cover Layer that follows the surface topography.

The thickness of the Lower Sand decreases towards the Batagay river
valley from 28 to 8 m (Fig. S1c). This trend of cryolithological horizon
thinning is based on observations of horizon thickness changes in the
RTS headwalls.

The Lower Ice Complex in the RTS headwalls was exposed at the time
of the survey only to a height of about 1.5 m. To model its thickness, we
started from (a) the geometry of its top, slightly inclined to the north-
east, according to measurements of the outcrop in the RTS headwalls,
(b) the general trend of reduction in the thickness of all Quaternary
permafrost horizons to the northeast, (¢) depths of the bedrock top ac-
cording to permafrost cores and observations of eluvium, being frag-
ments of bedrock in the bottom of erosional ravines at the RTS floor, and
(d) assumptions about the concave shape of the profile of the bedrock

top, which is exposed on the slopes and on the saddle between the
mountains Kirgillyakh and Khatyngnakh, as well as at the bottom of the
Batagay river valley. Based on these data and considerations, the
thickness of the Lower Ice Complex decreases from 22 to 10 m to the
northeast in the 3D model (Fig. S1d).

4.3. Sediment and meltwater fluxes

The combination of DSM data from different periods and the 3D
geological model of the subsurface structure allows to calculate the
volumetric loss of thawed deposits and meltwater differentiating be-
tween the cryolithological horizons, and over time (Fig. 6). Even though
the distinct year of initiation of the RTS was most likely some time be-
tween 1980 and 1991 based on available remote sensing data, RTS
growth of recent years is well represented by the present study. In detail,
the time steps between May 2014 and March 2019 (five warm seasons;
2014-2019) and between March 2019 and July 2023 (four and a half
warm seasons; 2019-2023) provide comparable yearly sediment and
meltwater fluxes. Mean annual sediment fluxes are about 365,241 m®
a~! (2014-2019) and 307,668 m> a~* (2019-2023). The mean annual
meltwater fluxes amount to 745,081 m3a’l (2014-2019) and 682,709
m? a~! (2019-2023) (Table 2), which is about twice as much as the
sediment flux. The mean combined volume loss of ice and deposits per
year amounts to 1.11 million m® (2014-2019) and 0.99 million m3
(2019-2023) (Table 2).

The largest contribution to volume loss is derived from the thickest
exposed cryolithological horizons, i.e., the Upper Ice Complex and the
Lower Sand. Given the prevalence of silt in the grain-size composition of
all horizons, silt dominates the mineral material flux (Fig. 7). As the
wedge-ice volume is highest in the Upper Ice Complex, it contributes the
highest share of meltwater (from 52 to 61 %) to the total budget. The
release of total organic carbon during the first period (2014-2019) is
highest from deposits of the Lower Sand with up to 12,360 t, which is
twice as high as from the Upper Ice Complex during the same period
(6190 t). For the second period (2019-2023), the thawing of the Lower
Sand mobilized 9930 t of organic carbon, compared to 6018 t from the
Upper Ice Complex. The TOC content in the Upper Ice Complex sedi-
ments is almost equal to those in the Upper Sand (Table 1), but due to the
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Fig. 6. Volumetric changes caused by RTS growth: (a) from the beginning of the formation of a ravine on the slope to 2014, (b) from 2014 to 2019, (¢) from 2019 to
2023. 1 - Cover Layer, 2 — Upper Ice Complex, 3 — Upper Sand, 4 — Lower Sand, 5 — Reddish Layer, 6 — Lower Ice Complex, 7 — Contour of the Batagay RTS in 2014, 8 -
Contour of the Batagay RTS in 2019, 9 — Contour of the Batagay RTS in 2023.
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Volume of material release calculations of the Batagay RTS in three time steps starting from the initiation of the RTS to 2014, from 2014 to 2019 and from 2019 to

2023. The organic carbon data comprise both TOC of sediments and DOC of ground ice.

Cryolithological horizons Total volume Ice volume Sediment volume Sand volume Silt volume Clay volume Organic carbon
l'l'l3 lTl3 Il'l3 l'l'l3 Il'l3 m3 t
From the initiation of the RTS until 2014
Cover Layer 1,116,046 558,023 558,023 312,493 200,888 39,062 5245
Upper Sand 5,944,961 3,245,949 2,699,012 458,832 2,078,240 161,941 51,900
Upper Ice Complex 10,096,754 8,622,628 1,474,126 692,839 692,839 73,706 27,665
Lower Sand 6,469,880 3,340,121 3,129,759 1,680,472 1 322,177 127,110 36,989
Lower Ice Complex 1,104,735 874,950 229,785 126,382 91,914 11,489 2828
Sum 24,732,375 16,641,671 8,090,705 3,271,018 4,386,058 413,308 124,627
From 2014 to 2019
Cover Layer 196,598 98,299 98,299 55,047 35,388 6881 924
Upper Sand 618,969 337,957 281,012 47,772 216,379 16,861 5404
Upper Ice Complex 2,259,251 1 929,401 329,851 155,030 155,030 16,493 6190
Lower Sand 2,186,010 1,129,447 1,056,563 567,790 445,959 42,813 12,360
Lower Ice Complex 290,783 230,300 60,483 33,266 24,193 3024 744
Sum 5,551,612 3,725,404 1,826,207 858,905 876,949 86,072 25,622
Mean annual flux 1,110,322 745,081 365,241 171,781 175,390 17,214 5124
From 2019 to 2023
Cover Layer 150,709 75,354 75,354 42,199 27,128 5275 708
Upper Sand 275,896 150,639 125,257 21,294 96,448 7515 2409
Upper Ice Complex 2,196,310 1 875,649 320,661 150,711 150,711 16,033 6018
Lower Sand 1,748,943 903,354 845,589 454,267 357,028 34,294 9930
Lower Ice Complex 84,839 67,192 17,646 9706 7059 882 217
Sum 4,456,697 3,072,190 1,384,508 678,175 638,373 63,999 19,282
Mean annual flux 990,377 682,709 307,668 150,706 141,861 14,222 4285
Total sum 34,740,684 23,439,265 11,301,420 4,808,098 5,901,380 563,379 169,531
Mass of organic carbon [t]
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Fig. 7. Sediment, ice (meltwater) and organic carbon loss for the time periods (a) beginning of the RTS formation until 2014, (b) from 2014 to 2019, and (c) from

2019 to 2023 differentiated by the main cryolithological horizons of the Batagay RTS.
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Fig. 8. Contribution of each cryolithological horizon to the total material flux for the periods before 2014, 2014-2019 and 2019-2023.

huge volume of ice wedges with low DOC contents, the Upper Ice
Complex produces a smaller amount of summarized organic carbon flux
in absolute values. The mean annual organic carbon flux from all hori-
zons exposed at the Batagay RTS amounts to 5124 t a!in 2014-2019,
and to 4285 t a~! in 2019-2023.

The ratio between cryolithological horizons in the volume of mate-
rial flux from the RTS changed over time due to the headwall retreating
upslope and slump floor deepening in accordance with changes of the
exposed geological structures (Fig. 8). Until 2014, the Upper Sand and
Lower Sand units accounted for 50 % of the sediment flux volume, with
approximately equal contributions. During 2014-2019, the portion of
Upper Sand decreased from 24 to 11 %, while both Upper and Lower
Sand still supplied 50 % of the total flux from the RTS. In 2019-2023, the
portion of Upper Sand continued to decline to 6 %, and the portion of
Upper and Lower Sand accounted for a total of 45 % of the flux.

Despite these changes in the volume ratio in the eroded cryolitho-
logical horizons, the ice/sediment ratio changed very little. Before 2014
and during the 2014-2019, the ice/sediment ratio was 67 %, and in
2019-2023 it was 69 %. This constancy is associated with the high TVIC
of all cryolithological horizons (Kizyakov et al., 2023). Therefore, at the
current stage of RTS growth, when all frozen deposits are exposed in the
headwalls, spatial changes in the cryolithological structure around the
headwalls and redistribution of flux volumes between these horizons did
not lead to significant interannual changes in the ice/sediment ratio in
flux.

5. Discussion
5.1. The effect of ground-ice distribution on RTS growth and morphology

5.1.1. Changes of ground-ice distribution in depth

The 3D geological model of the Batagay site was used for an
assessment of the spatial distribution, thickness, and depths of the local
cryolithological horizons and their effects on the growth dynamics of the
RTS. During the RTS growth in width and deepening of the RTS floor,
thermal denudation captured increasingly deeper cryolithological ho-
rizons, involving this material in the outflow. Since these horizons have
different TVIC, and as the ratio of these horizons in the retreating walls
changed over time, the ice and sediment ratio also changed. The most
significant changes occurred in the early stages of RTS growth, when the
floor deepened. At the present stage, when the height of the headwalls
has almost reached its maximum, the change in the ice and sediment
ratio is determined only by the spatial variability of the cryolithological
structure and thermal denudation activation around the retreating
headwalls. In Fig. 9, the change in this ice/sediment ratio for a vertical
column with 1 m square area is shown. Two sections were chosen: (a)
the upper part of the RTS, where no deposits of the Upper Sand are
present (section 1), and (b) the lower part of the RTS, where deposits of
the Upper Sand unit are present (section 2). The cumulative curves show
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the volume of solid matter and ice yield during deepening of the RTS
floor (Fig. 9). The graphs illustrate the variability of conditions that
determine the possibility of intensified thermal denudation and changes
in the volume of sediment flux depending on the presence of cry-
olithological horizons with varying ice content and thickness in the
headwall exposure.

The most favorable conditions for deepening of the RTS floor and
retreat of the headwall is the period of growth before a headwall cuts the
base of the Upper Ice Complex. At this stage as the ratio of the Upper Ice
Complex in the headwall increased, the ratio of ice in the total volume
flux reached up to 81 %. The deficit of solid sediments leads to an
intensive growth of the RTS landform both in depth and in width.

In section 1 (Fig. 9b), the most effective deepening and expansion of
the RTS is associated with the rise of ice/sediments ratio and expected
from the top to a depth of 23.2 m (the base of the Upper Ice Complex). In
this depth range, with the deepening of the RTS floor, the sediment flux
decreased, there was an acute deficit of solid sediments, which favored
the rapid growth of the RTS, since practically nothing had to be removed
from the foot of the retreating headwalls. Excess water during ground ice
melting led to the formation of thermo-erosional ravines. A further
thermal denudation deeper than the base of the Upper Ice Complex led
to a gradual increase in the proportion of solid matter with depth.
Nevertheless, it should be emphasized that deeper the ice/sediments
ratio did not decrease below 65 %, although changes associated with the
exposure of underlying horizons are observed. Even this minimum ice
volume provides an excess of water sufficient to transport solid material
out of the RTS.

In section 2 (Fig. 9c), at the initial deepening stages of the thermo-
erosional ravine down to the depth of 18 m, the intensity of thermal
denudation was limited by the comparably low ice content in the Upper
Sand horizon. During further deepening and involving the ice-rich
Upper Ice Complex horizon in the denudation, the ice/sediment ratio
increased from 54 to 69 %, reflecting more favorable conditions for
thermal denudation and RTS expansion.

5.1.2. Spatial variation in ground-ice distribution

Based on all available information, the Upper Sand horizon has a
limited distribution along the Batagay river valley and disappears uphill,
where it is replaced by the thickening Upper Ice Complex deposits
(Murton et al., 2023). The upper boundary of the Upper Sand crosses the
RTS and is marked in the headwall sections (Fig. 10a). The boundary is
also seen in the modern topography of the RTS floor. To the southwest of
the Upper Sand distribution boundary (i.e., upslope) towards the central
headwall, the RTS floor is characterized, firstly, by terrain with low
dissection (Kizyakov et al., 2023), and secondly, by a greater depth
difference between the initial restored slope topography “before the
RTS” and the modern topography (Fig. 10b). The significant ice content
in this part of the key-site due to the presence of the ice-rich Upper Ice
Complex and the absence of the relatively ice-poor Upper Sand
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Fig. 9. Assessment of the flux changes in the ice/sediment ratio associated with the RTS floor deepening, depending on the section structure: (a) the location of test
sections 1 and 2 on the axial position of the initial thermo-erosional ravine, the red line is the upslope limit of the Upper Sand distribution; the numbers correspond to
the Fig. 6 caption; (b) section 1 without the Upper Sand horizons; (c) section 2 with the Upper Sand horizon. The Reddish layer is accounted as a part of Lower Sand.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

promoted the transport of a larger volume of material out of the slump.
In the northeastern part of the Batagay RTS with the Upper Sand horizon
present, the floor deepening was less intense and selective. Here, in the
floor topography, ridges are clearly expressed, which are built of ma-
terial from the eroded Upper Ice Complex and still frozen material of the
underlying strata. The ridges are separated by large V-shaped thermo-
erosional ravines. The lower ice content of deposits exposed in this
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part of the key area (Fig. 9¢), mainly due to much less WIV, caused a
slowdown of the deepening below the base of the Upper Ice Complex,
while cutting into the RTS floor occurred locally within the thermo-
erosional ravines. These erosive landforms continuously deepened,
especially at the recent stages of RTS growth, when excess water became
available during the headwall retreat due to the higher ice content of the
subsequently exposed horizons.
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Fig. 10. Spatial distribution of the Upper Sand shown in (a) exposures of the
Upper Sand in headwalls, fixed during field research and on drone imagery, (b)
changes in RTS floor topography associated with Upper Sand limit, and (c) the
stages of the RTS growth (redrawn from Savvinov et al., 2018).

Furthermore, the boundary of the Upper Sand distribution matches
well the position of the headwall of the RTS in 1991, after which a
change in morphology and intensified shape dynamics occurred as the
RTS widened (Fig. 10c). From a typical linear thermo-erosional ravine, a
bowl-shaped RTS emerged due to the growth in width resulting in an
intensive area gain of the RTS (Kunitsky et al., 2013; Savvinov et al.,
2018). We assume that this change in morphological dynamics precisely
reflects the geological structure and stratigraphic heterogeneity of the
Batagay site, in particular when the headwall of the thermo-erosional
ravine passed the boundary of the Upper Sand distribution uphill and
cut into the thick Upper Ice Complex deposits. The change in the
morphological dynamics caused by the subsurface geological structure
further promoted the increasing depth of the RTS floor, which most
probably started in the second half of the 1990s although no DSM data is
available from this period.

5.2. The Batagay RTS dimensions and dynamics in comparison

The amount of mobilized material of the Batagay RTS by permafrost
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thaw and ground ice melt is exceptionally high and related to the huge
dimension of this permafrost disturbance feature, the high ice content in
at least two of its cryolithological structures, i.e., the Upper and the
Lower Ice Complexes, and the resulting high retreat rates of the head-
wall. If compared to other known material fluxes from RTS of, e.g., the
Canadian Arctic, the Batagay RTS characteristics seem to be
outstanding.

Our data on the material flux and changes in topography, as well as
data from other studies on the headwall retreat rates of the Batagay RTS,
indicate that the RTS is still actively growing. When comparing the two
periods 2014-2019 and 2019-2023, it turns out that the rate of thermal
denudation, expressed in the RTS volumetric growth and the material
flux, is slightly reduced. At the same time, as noted above, there were no
changes in the ice/sediment ratio over the analyzed time periods. In the
first period, the specific flux per 100 TDD was 71,800 m®, and in the
second period it decreased to 56,500 m°. The reasons for this may be a
decreasing length of retreating headwalls on the sides of the erosion
outlet in 2019-2023, as well as a decrease in the retreat rate and flat-
tening of the headwalls in the northwestern and eastern parts of the
bowl-shaped part of the RTS (Figs. 4b, 6b, c), where the Upper Sand is
present in the section (Fig. 10a).

RTS are widespread in the Arctic and sub-Arctic both in Eurasia and
North America, where their locations are determined by permafrost
properties and the late Pleistocene paleogeographic history of these
regions. In Western Siberia massive (tabular) ground ice is formed
through epigenetic freezing of marine Pleistocene deposits (Streletskaya
and Leibman, 2003; Leibman et al., 2011). In the Canadian Arctic glacial
legacies or postglacial freezing formed massive ice bodies (Bouchard,
1974; Fritz et al., 2011; Fritz et al., 2012). Areas with a long-term
continental sedimentation regime in Eastern Siberia are characterized
by the presence of ice-rich late Pleistocene permafrost such as the
Yedoma Ice Complex (Schirrmeister et al., 2013) that represents the
prerequisite for the occurrence of thermal denudation landforms, i.e.,
RTS.

In each of the regions where RTS are studied, their sizes vary
significantly. In North America, a large number of active or stable RTS
with a median size of 0.24 ha (mean of 1.52 ha) ranging from 20.81 ha to
0.01 ha were identified on the Yukon coast (Ramage et al., 2017). On
Herschel Island in the northern Yukon Territory, the mean area of the
largest, partly stabilized RTS, decreased due to coastal erosion in
1952-2000 from 6.2 to 3.3 ha (Lantuit and Pollard, 2008). For a single
RTS on Herschel Island in 1970-2004 total volume of material loss was
about 46,000 m® and sediment flux amounted to 10,600 m® per year
(Lantuit and Pollard, 2008). On Banks Island in the Canadian High
Arctic, the RTSs annual average area in 1984-2015 varied from 0.37 to
1.97 ha, with single RTS reaching up to 16 ha (Lewkowicz and Way,
2019). In the Richardson Mountains and Peel Plateau region, north-
western Canada, RTS area ranges from 0.4 to 52 ha (Lacelle et al., 2015),
while the total disturbed area, consisting of the scar and the debris
tongue, reaches 66.8 ha (Kokelj et al., 2015). RTSs larger than 5 ha
(Kokelj et al., 2015) or larger than 20 ha (Lacelle et al., 2015) are also
named as megaslumps.

In the Eurasian part of the Arctic on the eastern coast of Kolguev
Island, RTS area varied from 0.4 to 8.3 ha in 2012 (Kizyakov et al.,
2013). On the Yugorsky Peninsula several RTSs have been studied since
1999. Here, RTS areas in 2020 were within the range of 4 to 8 ha and the
individual RTS area growth in 2010-2020 was within 0.04-0.3 ha per
year (Leibman et al., 2021). On Central Yamal Peninsula, RTS in 2015
varied in area from 0.5 to 4.1 ha (Khomutov et al., 2017). On Taymyr
Peninsula in 2010-2021 yearly area change per RTS increased up to
0.45 ha and yearly volumetric RTS growth increased up to 7700 m>
(Bernard et al., 2022).

In most studies RTS growth dynamics are estimated by measuring
headwall annual retreat rates. Published retreat rates range from several
centimeters up to decameters per year for some RTS in Western Siberia,
Eastern Siberia and Canada (Nesterova et al., 2024). In the Canadian
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High Arctic on Eureka Sound Lowlands, Ellesmere and Axel Heiberg
islands, maximum individual RTS (headwall) retreat rates reached 79 m
per year in 2011-2018 (Ward Jones et al., 2019). These values obtained
are very close to the maximum identified at Yugorsky Peninsula in the
Western Siberia (Leibman et al., 2021).

It has been shown that RTS are a major contributor to lateral carbon
fluxes along sea shores (Lantuit et al., 2009; Ramage et al., 2019;
Ramage et al., 2018) and into freshwater ecosystems (Cassidy et al.,
2016; Kokelj et al., 2013; Kokelj et al., 2015; Littlefair et al., 2017;
Kokelj et al., 2021; Bernhard et al., 2022). The distance from the
retreating headwalls to the receiving pool and the topography of the RTS
floor determines the transport of the eroded material or the possibility of
its partial re-deposition.

Given the arctic-wide distribution of RTS and a variety of local
permafrost, climatic conditions, and topography, the Batagay RTS is
currently the largest known distinct permafrost disturbance feature on
Earth in both, its size and its annual flux volume. In 2023, the Batagay
RTS with its erosional outlet to Batagay river bank covers an area of
87.6 ha (including the bowl-shaped part that covers 68.2 ha) that is the
largest known extent for an RTS on Earth.

6. Conclusions

As aresult of a joint analysis of the 2019 field datasets and previously
published data, laboratory data of sediment and wedge ice composition,
as well as UAV surveys in 2019 and 2023 as a base for imagery and a
series of DSMs, we developed a 3D model of the subsurface structure of
the Batagay RTS site. The model reflects the state-of-the-art under-
standing of the structure of the Quaternary deposits at the Batagay site.

Our 3D model includes data on the spatial distribution of cry-
olithological horizons and their variability in thickness as well as data on
the composition of the horizons, including data on ice content, grain size
distribution of sediments, and organic carbon content.

The 3D model allows a high accuracy assessment of material fluxes
over time and the temporal evolution of the RTS. We specifically were
able:

1. to estimate the volume of the sediment and meltwater fluxes from the
RTS with the separation according to the cryolithological horizons;

2. to use a series of multi-temporal DSMs to analyze the variability of
the RTS volumetric growth over time, in contrast to the existing es-
timates of the retreat of the RTS edges in a two-dimensional plane;

3. to evaluate the consistent involvement of various horizons in the
sediment and meltwater fluxes. The deposits located at great depths
were affected by thermal denudation and started being removed
from the RTS only when the floor deepened significantly at the later
stages of the RTS bowl-shaped landform formation;

4. to reveal that the ice/sediment ratio of mobilized material changed
significantly during initial stages of RTS growth and deepening,
caused by variation in ice content of the horizons, successively down
from the daylight surface cut through by thermal denudation. On the
current stage with a deep RTS floor cut, interannual changes in ice/
sediment ratio in flux are less expressed due to the stable section
composition around the headwalls. Keeping the very high ice/sedi-
ment ratio in flux, reaching up to 69 %, ensures the maintenance of
high rates of RTS volumetric growth for several decades;

5. to conclude that further deepening of the RTS floor is limited by the
location of the bedrock top a few meters below the current slump
floor.

During 2019-2023, the Batagay RTS grew in length upslope, while
simultaneously increasing the width of the bowl-shaped part, which
reached 990 m in 2023. In the western, southern and southeastern parts,
headwalls retreated by 53 m over 4.5 warm seasons, averaging almost
12 m per year. Additional sites with retreating headwalls on the sides of
the northeastern erosional valley are of significantly less extent, but on
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the northeastern site they have retreated almost at the same rate.

Since initiation in the 1990s the Batagay RTS mobilized a total
ground volume of ca. 35 million m?, associated with headwalls retreat
and floor deepening. After 2014 the annual mobilized volume amounts
to ca. 1 million m® per year. Due to very high ice content, about %/ of the
total flux is melted ground ice and '/ is thawed permafrost deposits. RTS
growth leads to organic carbon release from 4000 to 5000 tons per year.
In recent years, the Lower Sand has been the main organic carbon
supplier.

For the future growth of the Batagay RTS, the possibility of further
deepening has practically already been exhausted due to the underlying
bedrock geology and only expansion along the margins and upslope is
expected. However, this lateral expansion is also limited by the prox-
imity of bedrock, the top of which apparently rises to the saddle between
the mountains Kirgillyakh and Khatyngnakh about 550 m uphill of the
megaslump.
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