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We investigate permafrost surface features revealed from satellite radar data in the Siberian
arctic at the Yamal peninsula. Surface dynamics analysis based on SRTM and TanDEM-X
DEMs shows up to 2 m net loss of surface relief between 2000 and 2014 indicating a highly
dynamic landscape. Surface features for the past 14 years reflect an increase in small
stream channels and a number of new lakes that developed, likely caused by permafrost
thaw. We used Sentinel-1 SAR imagery to measure permafrost surface changes. Owing to
limited observation data we analyzed only 2 years. The INSAR time-series has detected
surface displacements in three distinct spatial locations during 2017 and 2018. At these
three locations, 60-120 mm/yr rates of seasonal surface permafrost changes are
observed. Spatial location of seasonal ground displacements aligns well with lithology.
One of them is located on marine sediments and is linked to anthropogenic impact on
permafrost stability. Two other areas are located within alluvial sediments and are at the top
of topographic elevated zones. We discuss the influence of the geologic environment and
the potential effect of local upwelling of gas. These combined analyses of INSAR time-series
with analysis of geomorphic features from DEMs present an important tool for continuous
process monitoring of surface dynamics as part of a global warming risk assessment.

Keywords: permafrost, active layer, INSAR time-series, subsidence, Dynamic Landscape

1 INTRODUCTION

Rapid thaw of permafrost, by climate warming, has huge impacts on natural environments, human
activities, and global climate in the Arctic. Ice-rich permafrost thaw is causing soil subsidence and has
a devastating effect on infrastructure (Anisimov et al., 2014; Nauta et al., 2015; French, 2017; Hjort
et al,, 2018). Despite recent intensifying research in Arctic environments, these hold still strong
surprises for us, shown by the recent discoveries of CH, emitting outburst craters in the permafrost.

The feedbacks of permafrost degradation on climate, such as the Arctic carbon feedback, and in
land surface changes still require better quantification (Schuur et al., 2015). This scientific
challenge calls for innovative methods to measure permafrost change over large areas. Some
of recent studies used Synthetic Aperture Radar Interferometry (InSAR) to quantify permafrost
surface changes (Liu et al., 2010, Liu et al., 2015 X.; Chen et al., 2013; Short et al., 2014; Bartsch
et al., 2019).
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FIGURE 1 | Study area located in the Yamal peninsula of the western Siberia. The map is based on optical Landsat data showing location of the Bovanenkovo field
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The focus of this study is an area of 2014 outburst crater on the
Yamal peninsula in Western Siberia (Leibman et al., 2014a;
Olenchenko et al., 2015; Kizyakov et al, 2017). The crater is
located in close vicinity of the Bovanenkovo gas condensate field
and is formed by a powerful release of natural gas in the
permafrost structure (Leibman et al., 2014a).

Detailed assessment of permafrost thaw progression and
impact of extreme years using the InSAR technique have been
applied by Bartsch et al. (2019) in the central Yamal. This study
evaluated InSAR observations with meteorological data, borehole
temperature, active-layer thickness measurements, and land-
cover classification.

The InSAR technique has the potential for monitoring near-
surface permafrost processes and seasonal variations. However,
permafrost is a subsurface phenomenon and is still difficult to
monitor due to the complexity of the exchange system that

includes differences in soil properties and surface cover
(Zhang et al., 2004; Duguay et al., 2005).

The objective of our study is to locate areas of active surface
displacement and infer surface processes related to permafrost
thaw, using InSAR time-series at regional scale. We correlate
InSAR observations with available geomorphological and
geological data and on-site data collection. To better
understand permafrost thaw and landscape evolution in the
region we combine this with information on geological
subsurface structure that may interact with surface processes.
We hypothesize two possibilities on the origin of the surface
subsidence and degradation in the region. The first hypothesis is
based on classical heterogeneous ice distribution in subsiding
zones: higher ice content causing high thaw and subsidence
potential. Second, we hypothesize that the natural gas seepage
from a deep origin contributes to subsurface heat flow and steep
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FIGURE 2| Geology map of the study area. The map is modified after Food and Agriculture Organization (FAO) of the United Nations project defined geology map

thermal gradients, causing higher temperatures or thaw of the
permafrost layer from the subsurface.

2 STUDY AREA

The study area is located near the Bovanenkovo gas field in the
central part of the Yamal peninsula (Figure 1). The Yamal
peninsula is situated northeast of the Ural mountain and is
the polar extension at the northwestern rim of the West
Siberian basin. The West Siberian basin is a huge sedimentary
basin formed by almost continuous subsidence during Mesozoic
and Tertiary (Zonenshain et al., 1990; Puchkov, 1997). The pre-
mesozoic basement integrates various tectonic terranes accreted
during the Late Paleozoic (Late Devonian-Permian) closing of
oceanic basins and collision of the Siberian and Kazakh terranes
with the eastward subducted eastern margin of the Russian

platform and Baltica, the North European Craton (Echtler
et al., 1996).

2.1 Geomorphology and Geology

The mesozoic evolution of the West Siberian Basin is dominated
by significant subsidence and marine transgression after late and
post-orogenic continental rifting. Marine basin evolution
prevailed during Jurassic and Cretaceous times. During
Aptian, Albian, and Cenomanian stages shallow-marine to
paralic marine sedimentation dominate in the western part of
the West Siberian basin (Ulmishek, 2003). These formations are
the source of important hydrocarbon and gas fields.

During the Cenozoic period the major phases of alpidic
orogeny e.g. the India-Eurasia collision along the south of the
Eurasian continent, the northern West Siberian basin
experienced uplift and erosion that continued until Middle
Pliocene (Ulmishek, 2003; Volkova, 2014). Since Late Pliocene
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the geologic evolution and morphology was dominated by glacial
dynamics with significant sea-level changes as well as ice
extension. On the Yamal peninsula unconsolidated glacial
marine and terrestrial sediments overlie older erosional
surfaces (Chuvilin et al., 2000; Astakhov, 2004, 2011; Volkova,
2014). The Pleistocene deposits consist of mainly glacial deposits
with marine, fluvio-glacial, and alluvial clastic sediments of up to
300 m thickness (Figure 2). Glacial and interglacial sedimentary
processes e.g. erosion and deposition, the permafrost dynamics
related to climate dynamics possibly moderate active tectonics
(Forman et al., 2002) shape the Yamal peninsula since recent
times and need to be considered in understanding the actual
surface processes. The unconsolidated youngest sediments are
subject to slide, creep, collapse, and talus formations and
solifluction that are typical representatives of the cryogenic
formations at surface.

Our study area is characterized by continuous permafrost. The
thickness of the permafrost layer is up to 300 m in river valleys
and about 250 m in hilly terrains. The mean annual temperature
is between -2 to —=7°C at 10 m depth (Chuvilin et al., 2000). The
stratigraphic record on western Yamal peninsula shows active
ice-wedge growth accompanied by active eolian and alluvial
sedimentation during the Weichsel Glacial Stage (Forman
et al., 2002).

The permafrost layer is enriched in organic matter in the
region. The upper part is represented by layers of peat and plant
remains (detritus). The lower part is represented by thin lignite
beds and inclusions of organic matter.

Substantial summer warming (2-4°C) on the Yamal peninsula
since the early Holocene resulted in permafrost degradation and
increase of the layer above permafrost (active layer), enabling the
establishment of trees (Forman et al., 2002). This degradation of
permafrost is recognized across Eurasia and associated with
substantially warmer summer temperatures, and enhanced
since industrial times (Anisimov and Nelson, 1996;
MacDonald et al., 2000, 2007).

Northward extension of treeline has been documented on
Yamal peninsula and across Eurasia, reflecting a poleward shift
of the boreal forest (MacDonald et al., 2007). The birch trees
were subsumed by the start of peat growth and reflect a rising
water table with permafrost aggradation. Peat accumulation
occurred throughout the Holocene and continues today in
one-to 2m-deep depressions in eolian sand. Sources for
eolian sand are denuded hilltops associated with reindeer
overgrazing, erosion, and fluvial and wind-driven discharge
(Forman et al., 2002).

3 DATA AND METHODS

3.1 Data

The SAR dataset used in this study was acquired by the Sentinel -1
A/B C-band (~5.7 cm wavelength) satellite sensor, covering the
seasonal time period from June to October for 2017 and 2018. We
used 18 Sentinel-1A/B IW SLC SAR images acquired in
descending orbits with an incidence angle of 37-39 and a
pixel spacing of 2.3 x 14.1 m (range x azimuth).

Permafrost Degradation From Satellite Observations

A Digital Elevation Model (DEM) from TanDEM-X mission is
used for InSAR processing, with 90m spatial resolution.
TanDEM-X (TerraSAR-X add-on for Digital Elevation
Measurements) is an Earth observation radar mission that
consists of a SAR interferometer built by two almost identical
satellites flying in close formation. With a typical separation
between the satellites of 120-500 m a global DEM has been
generated (Wessel et al,, 2018). Along with TanDEM-X DEM
from 2014 we used SRTM (Shuttle Radar Topographic Mission)
DEM from 2000 (Jarvis et al., 2008), at 90 m spatial resolution
data for morphology analysis.

3.2 InSAR Processing

SAR interferometry (InSAR) has proven to be a valuable geodetic
tool, which scans the Earth surface regularly revisiting the same
area. The InSAR technique exploits multiple SAR images and
applies appropriate data processing and analysis procedures to
separate the contribution of the phase caused by the deformation
from the other phase components. The technique focuses on the
identification of pixels in the SAR image characterized by small
noise, related to properties of reflectors with radar response
dominated by a strong reflecting object, and that remains
constant over time (Persistent Scatterer, PS) (Ferretti et al,
2001). The PS technique is most accurate for mitigating
atmospheric delay with high spatial resolution in SAR
interferograms (Onn and Zebker, 2006; Perissin et al., 2011a).

We apply the persistent scatterer interferometry (PSI) method
implemented in SARPROZ (Perissin, 2015). The SARPROZ can
handle individual swaths of TOPSAR data and estimate the
Atmospheric Phase Screen (APS) to improve the quality of the
phase signal (Perissin et al., 2011b). Only PS points with a
coherence value larger than 0.75 were used in further analyses.

PS candidates were chosen by applying threshold on the
Amplitude Stability Index >0.75, following the standard PS
InSAR processing (Ferretti et al., 2001). The topographic
phase has been removed using TanDEM-X 90m DEM
(Wessel et al., 2018). For the selected points, height and
displacement were estimated and deformation time-series were
reconstructed. The PS time-series were estimated by assuming a
linear displacement in time gaps and minimizing the offset
between datasets.

3.3 Hot Spots and Cluster Analysis

InSAR time-series results comprise a large number of point data;
to detect areas of locally enhanced changes we perform hot-spot
and cluster analysis. Two statistical approaches are used for hot-
spot and cluster analysis, the Getis-Ord Gi statistic (Getis and
Ord, 2010) and kernel-density estimation (Silverman, 2018). The
spatial clusters of similar values and significant spatial clustering
of data are identified.

We apply hot-spot analyses on the mean velocity values. For
each point feature in a dataset the Getis-Ord Gi* statistics are
calculated. The spatial pattern is analyzed for each feature within
the context of its neighbors. The Getis-Ord Gi* statistics requires
neighbors to have elevated values. A point feature with a high
value needs to be surrounded by similar values to be considered as
a statistically significant hot spot. The local sum of a point feature
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FIGURE 3 | Results of time-series INSAR analysis, colors show spatial pattern of seasonal subsidence velocity for June-October 2017-2018.
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is compared proportionally to the sum of all point features. If the
local sum is different, a statistically significant z-score is assigned
to that point. The z-score values identify spatial clustering of
point features with high or low values. The kernel-density
estimator is performed on spatial clusters of point features
with high and low values. The kernel-density estimator is used
to convert a large number of point data into several hotspots. The
result is a smooth kernel-density map.

3.4 Topography Openness —Digital
Elevation Model (DEM) Image Processing
The parametric characterization of the relief and topography are
essential to interpret surface dynamics. The parameter called
openness is an expression degree of dominance or enclosure of
localized irregular surface. Openness represents an angular
measure of relation between surface relief and horizontal
distance calculated from multiple zenith and nadir angles.

Openness has two viewer perspectives: positive and negative.
The positive openness is high for convex forms and represents
values above the surrounding surface. The negative openness is
high for concave forms and represents values below the
surrounding surface (Yokoyama et al., 2002). We perform
topography openness analysis on TanDEM-X and SRTM DEMs.

4 RESULTS

4.1 Geometry and Rates of Zones With

Enhanced Subsidence

The results derived from Sentinel-1 InSAR time-series are the
mean LOS (Line-of-Sight) seasonal velocities for 2017 and 2018
(Figure 3). The displacement rates were 60-120 mm/year and
found mainly in the vicinity of Bovanenkovo settlement
(Figure 3). We identified spatially clustered areas of high
values of surface dynamics (hot spots), and their spatial
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FIGURE 4 | Hotspot cluster kernel-density map showing smoothed spatial location of hotspot clusters in zones (A,B) and (C). Analysis highlights areas of spatially
correlative regions as high kernel-density values in blue. Hotspot analysis was performed on InNSAR LOS velocities (cf. Figure 3).

kernel density|

evolution during the monitoring shows net subsidence in the
three distinguished zones. They are located at the west and east
part of our test area and were highlighted as A, B, and C zones
(Figure 4). All three hotspots are characterized by their circular
and centered geometry at the map scale (Figure 4). This geometry
raises questions on the processes behind these outstanding
features.

Zone A is located within area of Bovanenkovo settlement
and gas field. It is subsiding with a mean velocity of
approximately 120 mm/year. Zone A exhibits spatial
dimensions of approximately 12 km length and 8 km width
of enhanced subsidence (Figures 4, 5). Zone B is located to the
east with subsiding rates of approximately 60 mm/year
(Figure 3). It has a spatial extension of approximately
41 km. Zone C is located south of the study area with a
spatial dimension of 36 km (Figures 3, 4). Zone C is

subsiding with velocities of up to 70 mm/year. Both
structures with anomalous subsidence rates are centered at
topographic high in a smooth low-relief landscape (Figure 5).
The subsiding rate of zone A is twice as high as that of Band C
zones (Figure 6).

The time-series of the detected deformations between June-
September 2017 and 2018 based on date-to-date LOS
displacements is plotted in Figure 6. The deformation signal
in all plots is a continuous LOS deformation with a gradual
increase in signal from season to season. Plot A shows a seasonal
displacement signal that gradually increases up to 160 mm, while
plots B and C show differences up to 70 and 80 mm in the
temporal evolution between the deformation signals. The signal
indicates that the subsidence in these areas is associated with the
seasonal thawing process and the evacuation of meltwater and
associated sediment erosion.
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FIGURE 5 | TanDEM-X DEM elevation data 90 m resolution. The map shows the location of the subsiding zones (A,B) and (C) at different altitudes.
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4.2 Surface Topography Dynamics

The geomorphic setting of zone A is low lands at elevations
around 3 m a.s.. Structures B and C represent topographic highs
at 25-50 m a.s.l. (Figures 5, 7, 8). We analyzed two swath profiles
across hotspot B and C zones (Figures 7, 8) derived from SRTM
and TanDEM-X DEMs. Based on these profiles, we examined the
surface topography change along these profiles. Profiles B and C
across the defined subsidence zones show mean 2m surface
topography elevation change for time period 2000-2014,
indicating net elevation loss of approximately 2m over
14 years (Figures 7, 8). This suggests that InSAR defined
subsiding B and C zones are an area with active surface
dynamics with erosion likely related to permafrost degradation
(Khomutov and Leibman, 2014).

The surface topography openness analyses from SRTM and
TanDEM-X DEMs reveal a highly dynamic landscape. The
analyses show change in permafrost surface within 14 years
associated with denudation and degradation (Figures 9, 10).

The hotspot zone B shows a clear extension of the drainage
network of the rivers and gullies (Figure 9). The C zone shows
very striking lakes that are extending in surface and number; all
larger lakes in NE are increasing in size and many small lakes
show migration toward the west (Figure 10). Hotspot B shows a
number of little lakes only in its center (Figure 9).

In zone C all the lakes are becoming connected forming a larger
basin, with sedimentation of fluvial and lacustrine deposits, with an
interesting evolution of larger sediment influx from river hydrographic
systems. Within 14 years the river deltas and valleys are getting deeper
and broader, as also revealed from profiles (Figures 7, 8).

Compared to zone B, in C zone old and newly formed lakes
provide markers of ongoing surface processes. The rise of lake
water level likely occurs as a consequence of enhanced thawing
and degradation of permafrost along lake banks and/or runoff
related to drainage basin water balance changes. The erosion of
thin and instable soil (Figure 12), solifluction and
development of gullies, ravines, and rivers is progressing
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upward in the topography to where our subsidence hotspots
are located.

5 DISCUSSION

5.1 Assessment of Permafrost Seasonal

Subsidence

The PS-InSAR technique is a powerful tool to measure
displacements of moving ground objects from time-series of
SAR images to millimeter precision (Colesanti et al., 2003). It
is not so straightforward to exactly identify individual objects
acting as persistent scatterers in the SAR images over a remote
permafrost region. With this technique, suited for remote

permafrost areas with the absence of ground control, it can be
assumed that the displacements of the objects reflecting the radar
signal address the evolution of the surface.

To identify the interaction with the subsurface of remote
permafrost displacement patterns can be challenging and
different hypotheses should be tested. In the present study, we
verified whether the observed slow subsidence in Yamal
peninsula can be explained by specific geomorphic/geologic
settings and/or result of anthropogenic impact.

The temporal evolution of the analyzed subsidence rates in zone A
around the Bovanenkovo field shows significant higher rates compared
to B and C zones (Figures 3, 6). The higher rates of permafrost thaw
around zone A are highly likely related to infrastructure and
settlements (Teshebaeva et al, 2020). Studies have demonstrated
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that expansion of human activity as settlements and gas extraction have
major impact on permafrost thaw and subsidence (Raynolds et al,
2014; Liu L. et al, 2015; Hjort et al,, 2018). B and C zones show rates
between 40 and 60 mm/yr of summer surface changes related to
permafrost thaw. These rates are in accordance with the rates found by
Bartsch et al. (2019) in central Yamal.

In addition, zone A is underlain by fine-grained marine
deposits subsiding faster, probably because the silty-clay
sediments are likely to have a higher ice content (Figure 2).
The ground ice in the area has been detected by geophysical
surveys (Olenchenko et al., 2015). The soils are also characterized

by a high content of fine-grained clastics and in consequence a
predominance of larger amounts of segregation ice in the
transition zone at the top of the permafrost. The glacial
marine sediments in the region are thin-tabular bedded, gray,
and dark gray sand and clay (Figure 11) (Chuvilin et al., 2000;
Astakhov, 2004; Volkova, 2014). The ice content is the main
parameter in the dynamic permafrost environment and can be a
challenge to interpret subsiding zones. According to Astakhov
(2011) the glacial and inter-glacial sediments are mostly ice-
bound unconsolidated alluvial sediments integrating moraines,
fluvio-glacial or loess-like deposits (Figures 2, 11, 14).
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FIGURE 9 | SRTM and TanDEM-X DEMs openness metric showing surface relief changes over 14 years for B zone. Positive openness highlights the drainage
network changes. Negative openness highlights the shape of lakes and formation of new lakes.

ness, 2014, B zone

The subsidence rates in B and C zones are close to half of that of A
zone. In B and C zones, predominantly glacial alluvial deposits with
more homogenous and coarser grainsize and ice wedges with higher
ice content (Figures 2, 11). The alluvial and glacial deposits
dominating in our B and C zones are distinguished by their type
of ice distribution. Composition and structure of the glacial and
glacio-fluvial deposits vary significantly. Thus, unsorted moraine
clastics are typical of glacial landscapes consisting of blocs, boulders,
and gravel with sandy, silty, and clay-rich materials, with different
types of cryogenic ice structures and a high to variable ice content
(30%), whereas smaller grainsize size formations of fluvial,
lacustrine, or eolian sediments vary less in ice content and
permafrost geometries.

5.2 Geomorphology and Geological Settings
To consider the geomorphic/geologic setting of the study areas is
essential in our understanding of the analyzed active surface
processes. The cryogenic structures of deposits of the internal
floodplain of zone A are closely connected with the polygon-ridge
aspect of its surface and the topography and hydrographic system
of channels, levees, and flood basins (Anisimov et al., 2014;
Leibman et al., 2014b; Kizyakov et al., 2017).

The subsidence zones are correlated with lithology of the area
(Figure 2). Zone A is located in the area of marine deposits, B and
C zones in the transition of alluvial above marine deposits.
Figure 11 shows soil profiles: the first two profiles are marine
deposits and the third profile is alluvial deposits. The soils profiles
show evidence of intense frost interaction (cryoturbation) and
gleying processes in the region. The total carbon content in
mineral horizons of soils varies from 0.1 to 1.6% and very low
nitrogen content (Balykin et al., 2019). Soil profiles also revealed
the active layer within study area that varies up to 40 cm in
marine deposits and up to 150 cm in alluvial deposits from field
work observations during early September 2017 (Figure 11).

The B and C subsiding hotspots are located at the apex of
smooth cone-type topographic elevations and show a distinct
morphologic pattern with regard to the hydrographic system.
Zone B is characterized by water discharge in runoff oriented
radial in all directions from top and the main subsidence center
(Figure 9). The C shows a distinct N-S oriented water divide
across the hotspot separating surface water runoff. The runoff
system is oriented from East to West in the western segment and
from North to South in the eastern segment (Figures 10, 14). We
relate these features to the specific geologic settings. Area C
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SRTM positive openness, 2000, C zone

7

TanDEM-X positive openness, 2014, C zone

FIGURE 10 | SRTM and TanDEM-X DEMs openness metric showing surface relief changes over 14 years for C zone. Positive openness highlights the drainage
network changes. Negative openness highlights the shape of lakes and formation of new lakes.

contains the transition of terrestrial alluvial to underlying glacial Hypothesis 1 is classically based on heterogeneous ice
marine deposits (Figure 13). The alluvial terrestrial deposits are  distribution with higher ice content causing the higher thaw
likely related with N-S propagation and retreat of glaciers,  potential in such subsidence zones.

whereas the marine sequences are controlled by inherited E-W The B and C zones are located within higher topographically
oriented sedimentary settings. elevated areas (Figure 5). The common approach is, to assume

The geomorphologic analysis of the surface hydrographic  that such morphological features are associated with varying
system of area C for the period between 2000 and 2014 shows  permafrost extent and ice content. In addition, the dominant
a very distinctive and net progressive evolution with a clear  lithology in B and C are alluvial and glacial deposits. These
differentiation to higher order drainage channels and a  deposits are first distinguished by the type of their freezing and ice
striking increase of eroded and evacuated material  accumulation in permafrost regions. The deposits have
(Figure 12). This observation infers continuous discharge of  characteristic and distinctive cryogenic structures with
water from thawing of the subsurface ice and associated  development of ice wedges, which are varying in size and
erosion and redeposition of the unconsolidated coarse  geometries. The subsurface consists of terrestrial moraine, the
sediments in adjacent lakes and rivers within the limits of = dominant alluvial sedimentary cover, and geomorphological
available data (Figure 12). Along with slide, creep, collapse,  features are characterized by linear geometry (Figure 13). Our
and talus formations there are thaw slumps and solifluction  interpretation is that the higher ice content in moraine type
that are typical representatives of cryogenic formations  formations is associated with higher thawing rates and in turn
(Figure 12) (Leibman et al., 2003; Leibman et al., 2014b). This erosion tends to be associated with typical moraine relief. Field
underlines active continuous denudation by erosion and  observations would be necessary to further investigate these

sediment evacuation associated with meltwater runoff. aspects of surface processes.
We propose two hypotheses on the origin of the denudation Thereon we bring forward another hypothesis II on the
and subsidence processes that we analyzed. genesis of the presented hotspots of denudation. Here, we
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FIGURE 11 | Field campaign August 2017, soil profiles showing the depth of active layer 40-150 cm of the test site. (A) Histic Crysol with permafrost occurring at

40 cm consists of horizons: of decomposed organic matter and peat; and mineral gray to bluish soil with light loam texture, sand. (B) Histic Crysol with permafrost
occurring at 70 cm consists of horizons: soil consist of peat; the mineral heterogeneous in color, gray with dark spots and light loam texture; unconsolidated Earth
material with gray sandy loam texture. (C) Eutric Cryosols with permafrost occurring at 150 cm depth. The soil consists of horizons: mineral dark brown loam
texture with fine-grained sand; yellow brown to dark brown sand; light brown sand (Photos: Balykin Dima).

FIGURE 12 | Field campaign August 2018. (A) Sedimentation layer showing lake level in the past compared to present lake level. (B) Erosion, instability of the
slopes, landslides within unconsolidated sediment layers. (C) Gullies showing seasonal incision due to permafrost melt in the study area (Photos: Anton Sinitskiy).
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FIGURE 13 | 3D scheme of C zone with different lithology depending on

the hydrographic system. The subsiding area at the topographic height. NS
runoff in alluvial may be triggered sedimentary structures in marine segment.
EW runoff controlled by inherited currents of the nearshore

unconsolidated deposits.

discuss permafrost thaw at subsiding B and C zones due to the
ascent of natural gas of deep origin stacked below an
impermeable permafrost layer (Figure 14) (Skorobogatov
et al.,, 1998). The continuously accumulating gas adds heat
to the permafrost from below, resulting in a steeper
geothermal gradient. This could result in a stronger impact
of climate warming on ice-rich permafrost with more
thawing and denudation. In this idea our presented B and
C subsidence zones would represent hypothetic gas-
accumulating structures causing surface thawing and
denudation.

Our hypothesis II is supported by detailed geoelectric
measurements of the shallow environment of the 2014
discovered outburst crater by Olenchenko et al. (2015). His
analysis of water and ice distribution in the immediate
subsurface vicinity show significant anomalies of degrading
permafrost layer.

In this idea the natural gas seepage from deep origin results in
additional subground heat and steep thermal gradients contributing
to heating and shallowing of permafrost layer, making the
permafrost locally warmer and more vulnerable to the impact of
climate change. The Yamal gas fields are also characterized by a
significant overpressure of its deep origin gas fields supporting the
buoyancy in this pre-outburst scenario (Figure 14) (Matusevich
etal., 1997; Skorobogatov et al., 1998; Semenov et al., 2019). Possibly,
gas outbursts are more likely in subsidence hotspots like B and C
zones. This should be corroborated by more detailed research on a
deeper subsurface geological structure.

The observed surface changes represent important
information on rates and spatial location of hotspots A, B, and
C. In addition to spatial distribution of the subsiding B and C
zones, a key question for future work in this context is: how high
temperatures generated by both climate warming and subsurface

Permafrost Degradation From Satellite Observations

heat transport affect this region with potential next gas outbursts?
What is the potential to accelerate of subsidence rates or active
layer thickening with catastrophic dimensions?

Our analyses and results reveal a potential relationship
between the spatial distribution of subsiding zones and
subsurface processes. Future studies of high-resolution precise
DEM and decadal InSAR time-series may help to elucidate such
potential relationships.

6 CONCLUSION

In this study, we underlined the potential of satellite radar imagery to
detect and quantify permafrost surface changes. Surface relief
dynamic analysis shows about 2 m net loss of surface topography
over 14 years (2000-2014) associated with active discharge of water
and sediments. In addition, InSAR time-series analysis shows active
subsidence for the time period from 2017 to 2018 in three distinct
spatial locations. The observed three locations show from 60 up to
120 mm/yr rates of seasonal surface permafrost changes. The

subsidence

[ ]
Fault ﬁ ' 7
zone

subsidence

Rl
[ :
Substratum | | | ‘
Fault ﬂ /
zone

FIGURE 14 | 3D scheme representing pre-stages of possible outburst
events due to ancient deep origin natural gas. Scheme (A) shows gas
accumulation below the impermeable permafrost layer. The overpressure gas
causes uplift at surface and triggers localized observed area of
subsidence. Scheme (B) presents pre-outburst evolved stage, where deep
gas causes further thermal and mechanical degradation of permafrost layer.
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subsiding InSAR rates located within gas condensate field are double
compared to other two locations. Further analyses of the subsidence
show that their spatial occurrence is controlled by the lithology and
human activity contributes to the continuous seasonal subsidence.
The gas condensate field is located within marine sediments and is
linked to anthropogenic impact on the permafrost thaw. Two other
areas are located within alluvial sediments and are at top of
topographic elevated zones.

We propose two hypotheses on possible relationship between
the spatial location of subsiding zones and subsurface geologic
environment. The classical hypothesis is based on heterogeneous
ice distribution, with the higher ice content the higher thaw
potential in subsidence zones. The second hypothesis is related to
natural gas seepage from a deep origin that adds subsurface heat
and steepens the thermal gradients contributing to heating and
thinning of permafrost layer. We assume that such zones may be
future gas outburst locations.

The study has shown the good potential of the recently
released Tandem-X DEM and InSAR technique to improve an
understanding of permafrost surface dynamics and long-term
monitoring in the remote regions. The combination of InSAR
with available geomorphological and geological data and on-site
data may be used to develop conceptual and quantitative models
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