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Preface

Five years after this trivial discussion we had about the possibility of organizing the next European
Conference on Permafrost in the French Alps, we can see today how far this exciting adventure has
come.

The initial step of this long route, setting up a Local Organizing Committee (LOC), has actually been
the easiest one: our colleagues and friends were, obviously, very excited by the challenge. The first task
of the LOC was to constitute a large panel of reputed scientists from all over the world to form the
International Scientific Committee (ISC): no difficulty neither, they all accepted immediately!

Then came the time of soliciting contributions for sessions: the LOC received more than 30 proposals,
of which the ISC retained 25 that cover the most significant and active fields of permafrost research
and engineering. Sessions 16 and 20 were merged in a later stage, explaining why session 20 doesn’t
exist in the present program... Each session has to be coordinated by one of the three conveners, of
which one has to be a PYRN member.

The call for abstract submission was open from August 28 to December 22 2017 and gathered 510
proposals, sent by more than 400 scientists and engineers from 30 different countries. The session
conveners have had a few weeks to evaluate the abstracts and choose the format of presentation,
roughly half for posters and half for orals. The session coordinators were in charge of accepting or
refusing the abstract proposals, and finally of building the program of their oral slots. After the
reviewing process and due to some withdrawals by colleagues prevented from participating, this Book
of Abstracts of the EUCOPS5 proposes 484 abstracts: 268 orals and 216 posters.

Now, a few days before the conference’s opening and after months of incredibly dense exchanges
between the LOC members, with the ISC members, with the session conveners, with the organizers of
the side meetings and workshops, with the conference participants and with all the people that
contributed for organizing, we are very delighted to deliver to the EUCOP5 attendees this Book of
abstracts. To us, the high quality of the scientific program of the conference is the reflection of the
vitality of the Permafrost community. Researchers from different disciplines, ages and cultures made a
great job for feeding the conference with their best works and for ensuring a thorough peer-reviewing
evaluation.

We hope you will appreciate the result of this collective adventure, hopefully a new significant step
ahead towards a better understanding of the permafrost evolution in a changing world!

Philip Deline,
Xavier Bodin,
Ludovic Ravanel

Laboratoire EDYTEM, Université Savoie Mont-Blanc, CNRS, France
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Session 1

Remote sensing of permafrost Iandscapes

Convenetrs:

e Sabine Baumann, Institute of Atmospherical and Physical Geography, Technical University of
Munich, Germany

e Artem Khomutov, Earth Cryosphere Institute SB RAS, Russia

e Ingmar Nitze, Alfred-Wegener-Institute Helmholtz Centre for Polar and Marine Research,
Potsdam, Germany (PYRN member)

A better understanding of landscape change processes over multiple spatial and temporal scales is important
for predicting the impacts of climate change on permafrost terrains. For the observation of the land surface
over large areas remote sensing has been proven to be a very powerful method. With ever increasing
computation capacities, constantly growing archives of image data spanning several decades, and new or
continued satellite constellations, completely new opportunities arise for earth observation applications.
Nevertheless, until now only indicators of permafrost can be monitored from space and not the permafrost
itself. Therefore, the aim of this session is to show the broad range of remote sensing applications regarding
polar permafrost. Contributions on recent and upcoming advances in satellite remote sensing to different
sensors and observation techniques are welcome. As the application of remote sensing on permafrost is
quite a new field, we want to show the potential of this technique for permafrost monitoring. We encourage
presentations on multi-platform data as well as studies using ground validation data and on remote sensing
methods for observing landscape change processes in permafrost regions. This session will aim to bring
together the latest development in the field of earth observation to improve the understanding of the
response of highly vulnerable permafrost landscapes to rapidly changing climate conditions.
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Contribution of the permafrost phenomena and processes to coastal
erosion at Baydaratskaya Bay, Kara Sea
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Abstract

The development of the permafrost phenomena and processes and their contribution to coastal erosion at the 10-km
key plot of Ural coast of Baydaratskaya Bay ate described in this article.

Keywords: Arctic, coastal erosion, thermodenudation, thermokarst

Introduction

Arctic coast is a dynamical system which is very
sensitive to external changes. Coastal erosion depends
on many factors. Fieldworks were conducted on 10-
kilometer-long coastline located in the middle between
Levdiyev and Torasavey islands in the southern Kara
Sea. The area of investigation is situated at the
continuous permafrost region. There are several
geomorphological levels on the study area: terraces
(coastal plain), laida (flood plain) and beach.

Estimation of coastal retreat rates was based on field
studies including DGPS mapping of the coastal bluff
edge position and analysis of high resolution space
images. All variations of geological sequence and
geomorphological features on the coastal plain and laida
were described. Bluff’s edge position was interpreted on
the space images dated by August 2005, July 2012, July
2013, May 2016. DGPS surveys of cliff were performed
during fieldworks in June 2013, June 2014, September
2017 and student practice (Geocryology department,
Faculty of Geology, MSU) in September 2015.

Based on obtained data it was established that bluff
retreat rate varies on different coast segments correlates
with the features of geocryological structures of the
coast. The bluffs are characterized by two main patterns
of erosion retreat, depending on composition and
cryogenic structure of coastal soils.

Analysis  of coastal changes revealed inverse
proportion between erosion rates and coast elevations.
This correlation had some peculiarities for different
parts of studied area, depending on geological sequence.
Obtained data on erosion rates demonstrated the

slowing of coastal erosion in 2012-2017 comparing to
2005-2012: annual erosion rates 1-2,5 m year ! and 3-4,5
m year !, respectively

Permafrost phenomena and processes affect the
coastal zone on different scales and cause different
erosion rates. Current permafrost processes observed
along the studied coastal plot caused different types of
erosion: I) saltatory retreat within the narrow zone
strongly affected by thermokarst; II) continual retreat
related to ice wedge degradation within gullying zone;
IIT) retreat due to thermodenudation within wide zone
along the bluff.

The understanding of contribution of the different
permafrost processes and phenomena on coastal erosion
rate will help us to simulate and predict behavior of very
complex and sensitive Arctic coastal environment.
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Estimation of forest properties in a treeline zone using TanDEM-X and
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Abstract

The high-latitude forest-tundra transitional zone is a region which is highly vulnerable to the cutrent Arctic warming.
The local changes accompanying expected northward migration of the treeline requires systematic monitoring. We
focus on an area in the east of the Mackenzie Delta in Northwest Territories, Canada, which is characterised by patches
of black spruce forest. We investigate the capability of TerraSAR-X / TanDEM-X bistatic constellation for the
characterisation of these forest patches. Interferometric phase and coherence from seven image pairs were used to
estimate tree height and density. We compare the SAR products with standard vegetation metrics from airborne
LiDAR, such as vegetation height percentiles and vegetation ratio. The preliminary analysis shows a high agreement

between SAR and LiDAR data.

Keywords: Treceline; SAR; TanDEM-X bistatic mode; interferometry; coherence; aitborne LiDAR.

Introduction

Northward shift of treeline is expected circum-Arctic
and has been observed in numerous locations in
response to Arctic warming. However, the exact
processes are complex and involve various factors
besides changes in the temperature regime. Structural
vegetation changes within the treeline zone vary locally
and influence the carbon and heat fluxes, the snow
accumulation and the state of permafrost. On the large
scale these changes are expected to influence albedo and,
thus, the global climate. Therefore, it is important to
monitor the vegetation structural properties within the
treeline zone. Synthetic Aperture Radar (SAR)
interferometry can be used for the forest parameters
estimation. In two SAR images volumetric phase
decorrelation (coherence loss) occurs in a vegetation
layer due to volume scattering, i.c. input of several
scatterers from different heights. Generally, more
vegetation leads to stronger decorrelation, making
possible the estimation of vegetation through
interferometric coherence. Such approach has been used
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in the tropical and boreal forests (e.g. Treuhaft et al.,
2015; Thiel & Schmullius, 2016). High-latitude forest-
tundra transition zone, however, did not yet receive an
adequate consideration by SAR remote sensing.

We use a combination of unique datasets including
seven TanDEM-X bistatic pairs with large and constant
baseline and airborne laser scanning (ALS) point cloud.
With these data we estimate the forest properties in a
treeline zone in the Canadian subarctic.

Study area

The study atea is Trail Valley Creek (68°44'17" N;
133°26'26" W), located about 50 km northeast of Inuvik,
Northwest Territories, Canada. Continuous permafrost
underlies the area. Trail Valley Creck is located in the
northern edge of the forest-tundra transition zone.
According to Marsh & Pomeroy (1996), the land cover
is represented by tundra (lichens, mosses, hetbs and low
shrubs), shrub tundra (deciduous shrubs from 0.5 to 3 m
in height) and sparse forest with coniferous trees.
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Data and Methods

SAR dataset

TanDEM-X (TDX) and TerraSAR-X (TSX) are twin
X-band (9.6 GHz) SAR satellites flying in a close
formation with the primary purpose of acquiring high
quality global digital elevation model (DEM). The
bistatic operational mode is based on the transmission of
the signal by one of the satellites and receiving the echo
by both satellites. For this study, seven co-registered
single look slant range complex (CoSSC) pairs in the
StripMap mode from the period 01.06 — 28.08.2015
were used. The data were processed using the Gamma
radar software (Werner et al, 2000). SSC data were
converted to Gamma Single Look Complex (SLC)
format. Coherence images were obtained by computing
the magnitude of the complex cross-correlation
coefficient of a CoSSC image pair using the estimation
window of 3 x 3 pixels. Coherence images were then
multi-looked by factor 5 in both range and azimuth
directions and co-registered to each other. Coherence
images were then geocoded using Intermediate DEM
(IDEM) which was provided by the German Aerospace
Center (DLR) as a preliminary product of the global
DEM and had a pixel size of approximately 8 m.
Geocoding was done using the WGS84 ellipsoid in the
Universal Transverse Mercator (UTM) projection Zone
8N. Seven geocoded coherence images were stacked and
the mean coherence image was calculated and then
filtered with median filter of size 3 x 3 to reduce noise.
We work further only with the mean coherence image.

ALS dataset

Full-waveform airborne LiDAR data were captured in
September 2016, covering an area of about 20 km x 6
km. The point density was approximately 5 points per
square meter. The point cloud was transformed to a
Digital Terrain Model (DTM) with 1 m cell size.
Normalized vegetation heights above ground were
derived by subtracting the DTM from the elevation of
all ALS returns. Using this map together with high-
resolution orthophotographs (Northwest Territories
Centre for Geomatics) we delineated 19 forest patches
of different size. Different vegetation metrics were then
extracted for these patches: the 95t (p95) and 99t (p99)
height percentile as well as vegetation ratio, defined as
the number of ALS returns from the vegetation above
the threshold of 1.5 m divided by the number of all ALS
returns. The vegetation metrics were given a pixel size of
SAR dataset (ca. 8 m) and also filtered with median filter
of size 3 x 3.

Results

The relation between coherence and ALS metrics,
averaged for each forest patch, yielded in a strong
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inverse correlation, varying from -0.81 to -0.88 for
different ALS metrics.

On sub-patch scale, spatial patterns of coherence and
ALS metrics were also highly similar. Example of
coherence and p99 tree height for the one of the forest
patches is shown in Fig.1. The pixel-by-pixel comparison
yielded in a correlation of -0.63.
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Figure 1. Upper panel: CoSSC coherence for a forest patch;
lower panel: ALS p99 tree height. Similar spatial pattern is
visible: the higher are trees the lower is coherence. Note the
reversed color scale for the upper panel.
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Abstract

The impacts of climate change on extent of permafrost degradation in the Himalayas and its effect upon the carbon
cycle and ecosystem changes are not well understood due to lack of historical ground-based observations. We have
studied the permafrost distribution in Indian Himalayas using empirical-statistical modelling and remote sensing
observations. Further, we look forward to modelling ground temperatures using remote sensing data and reanalysis
products as input data on a regional scale and support our analysis with measured in situ data of ground temperatures.
Overall, we approach to model the current state and predictable future changes in the state of permafrost in Western
Himalayas and couple our results with similar research outcomes in atmospheric sciences, glaciology, hydrology and

ecosystem changes in the region.

Keywords: Permafrost; Himalaya; GIS; remote sensing; rock glaciers; permafrost distribution modelling

Introduction

The area of permafrost exceeds that of glaciers in
almost all Hindu Kush Himalayan (HKH) countties.
However, we know very little about permafrost in the
region as only a few local measurements have been
conducted which is not sufficient to produce the
fundamental level of knowledge of the spatial existence
of permafrost (Gruber et al., 2017). We have applied
empirical-statistical model and remote  sensing
observations for the estimation of spatial and altitudinal
limits of permafrost distribution in Indian Himalayas.

Method

We have used visual interpretation of common
morphological using  high-resolution
images for mapping, identification and classification of
permafrost landforms. We have prepared a detail
inventory of intact and relict rock glaciers in
Uttarakhand state of India. We have analyzed the
contribution of topo climatic factors in the occurrence
and distribution of rock glacier. Logistic Regression
modelling has been applied to establish the relationship
between presence of permafrost and topo-climatic
factors like Mean Annual Air Temperature (MAAT),
Potential Incoming Solar Radiation (PISR), altitude,
aspect and slope. The logistic coefficients for each
independent variable obtained from the Logistic

characteristics
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Regression model and rock glaciers mapped from
remotely sensed data have been used to estimate the
distributed probability of permafrost occurrence within a
GIS environment. The ability of the model to predict
permafrost occutrence was tested using the location of
mapped active rock glaciers and the area under the
Receiver Operating Characteristic (ROC) curve.

Table 1. Total number of all mapped and classified
permafrost landforms.

Mapped Landforms

Embryonic Rock Glaciers 981
Activity could not be
Rock Glaciers Intact Relict determined

Talus — lobate 39 2 2
Talus — tongue shaped 84 18 5
Debris — lobate 107 9 3
Debris — tongue shaped 431 71 13
Total rock glaciers 661 100 23
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Abstract

Shrub height is of relevance for snow redistribution and impacts ground temperatures. Certain land cover classes
derived from satellite observations can to some extent be associated with vegetation heights but available maps are
often too coarse and lack thematic content. We have tested an approach, which directly provides height information. It
is based on Sentinel-2 data and has been calibrated and validated over Yamal. Results indicate the potential for large

scale application.

Keywords: tundra vegetation, remote sensing, Sentinel-2

Introduction

Land cover has strong implications for the small-scale
distribution of snow cover. Specifically, shrub height is
required in order to identify areas with trapping of snow
and subsequent impact on ground thermal conditions.
Current global and circumpolar maps lack thematic
detail and/or spatial resolution to appropriately
represent shrubs, their types and height (Bartsch et al.
2016). In this study, we specifically investigate the
capability of Sentinel-2 to estimate shrub height across
large areas. It is part of the ESA DUE GlobPermafrost
initiative (www.globpermafrost.info).

Data and methods

The recently launched Sentinel-2 satellite acquires
optical data suitable for land cover monitoring with 10
m spatial resolution. We have selected a transect
spanning from the northern tip of the Yamal peninsula
(continuous permafrost) to the south into the tundra-
taiga transition zone (with discontinuous permafrost) in
order to test these data for shrub height retrieval. The
region represents not only a gradient in vegetation zones
but also sites with high heterogeneity of shrubs.
Especially central Yamal is characterized by willow
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shrubs of up to 1.5 m height and continuous permafrost,
while Southern Yamal is characterized by smaller dwarf-
birch (Ukraintseva, 1997). Several studies over a CALM
site and additional transects have exemplified the role of
the shrubs for active layer thickness in relation to snow
using in situ measurements (Leibman et al. 2015,
Dvornikov et al. 2015) as well as Synthetic Aperture
Radar data (Widhalm et al. 2017) from satellites in this
region.

Shrub height measurements have been collected
between 2014 and 2017. All available cloud-free images
of summer 2016 and 2017 have been combined and
seven indices derived.

Results

Figure 1 shows the mosaic over the chosen transect.
The two summers have not been sufficient to obtain a
complete coverage due to frequent cloudiness.

An R? of up to 0.72 could be obtained for the
comparison to shrub heights from in situ measurements.
The approach can be potentially applied over the entire
Arctic to derive maps of shrub height.
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Figure 1. Shrub height derived from Sentinel-2 (2016 and
2017 acquisitions) over a transect covering the Yamal
peninsula and the West Siberian Lowlands. Grey — masked,

white — no data, other colors represent 0 (green) to 160cm
(red — 160 cm or higher).
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Abstract

Data from the gravimetric satellites GRACE were used as basis for the calculation of snow water equivalent (SWE) in
the polar permafrost areas. Therefore, the two models WGHM and GLDAS were applied to extract SWE from the
GRACE data. Due to the good correlation between GRACE and the two models in five large arctic river catchments,
the GRACE SWE data were used as input for the calculation of snow cover thickness (SCT). SCT was calculated using
snow cover data from the Global SnowPack and measured snow density. The results were correlated with the change of

active layer thickness from in-situ measurements.

Keywords: Snow cover; GRACE; polar permafrost; active layer thickness; SWE.

Introduction

The gravimetric satellites GRACE measure Earth’s
gravity and assess changes of FEarth’s mass. Main
contributions of these changes originate from
hydrological compartments as e.g. surface water,
groundwater, soil moisture, or snow water equivalent
(SWE). The benefit of GRACE data is to receive a direct
measured signal. The data are not calibrated (as e.g. in
models) or unusable due to particular Earth’s surface
conditions (e.g. AMSR-¢). The aim of the study was to
find out if it is possible to extract a SWE signal from the
GRACE data. The assumption behind assumes that
changes in TWS can be linked to changes in SWE if
either SWE is the dominant compartment of TWS or if
SWE changes proportionally with TWS.

Data and Methods

GRACE data show changes in total water storage
(TWS) but cannot distinguish between different sources.
Therefore, other data are necessary to extract the
different compartments. Due to the spatial resolution of
200,000 km? and an accuracy of 2.5 cm w.e., mostly
other global products are compared with GRACE. In
this study, the hydrological model WGHM and the land
surface model GLDAS were compared with the
GRACE data. All data were pre-processed in the same
way as the GRACE data to be comparable. They were
converted into monthly 1° grid values. Time frame is
from 01/2003 until 12/2013 with a total of 131 months.
As a second time frame, only the winter period
(November — April) was analyzed. Spatial extent was set
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to the large polar permafrost areas in North America
and Siberia with a special focus on two river catchments
in North America (Mackenzie, Yukon) and three in
Siberia (Lena, Ob, Yenisei). A correlation analysis was
performed between the different products both (1) pixel
and (2) catchment based. The (1) pixel based correlation
used absolute values and the (2) catchment based
correlation the sum of monthly anomalies from the total
mean for each catchment.

SWE from GRACE was extracted using the modeled
data from WGHM and GLDAS by a simple subtraction.
Snow cover thickness (SCT) was calculated using
GRACE SWE, snow cover data from Global SnowPack
(Dietz ef al., 2015) and measured snow density from the
Calm project. These point SCT data were compared
with in-situ data from active layer measurements from
the Calm project. Results were compared with measured
SCT data and calculated SCT data using WGHM SWE
and GLDAS SWE.

Results

Results of the (1) pixel based correlation show that the
correlation of GRACE vs. WGHM is higher compared
to the cotrelation between GRACE vs. GLDAS.
Additionally, it was mostly significant (5%-level) in all
river catchments for the WGHM (TWS and SWE) vs.
GRACE data. The values for the (2) correlation of the
catchment data of GRACE vs. WGHM were, as for the
pixel based correlation, higher compared to GRACE vs.
GLDAS in all river catchments.
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Monthly anomalies from the mean of WGHM and
GLDAS in the five river catchments showed a uniform
periodically annual pattern. GRACE data showed the
same pattern between 2006 and 2011 but with more
peak values in the beginning and the end of the study
period. Therefore, a second correlation was performed
for this uniform shorter period to see if the GRACE
data were higher correlated with the WGHM and
GLDAS data compared to the total period. The (1) pixel
based correlation of GRACE vs. the two models
resulted in higher values in the river catchments in
North America and lower values in Russia for the short
period. The (2) catchment based correlation of the
shorter period improved for nearly all correlation pairs
and river catchments. The winter period showed higher
correlation values than the total period. GRACE
correlates well with the two models, especially with
WGHM TWS but also WGHM SWE.

As a result of the good correlation, GRACE SWE was
extracted from WGHM and GLDAS and used as an
input parameter for the SCT calculation.
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Abstract

Permafrost extent is an important input variable for climate modelling. Current methods to derive permafrost extent
from satellite measurements utilize coarse resolution scatterometer data. In this study we examine the possibility of
improving permafrost mapping through additional information obtained from higher resolution SAR measurements.
We focus on the region of Central Yakutia as it has shown to be a problematic region for mapping of potential

permafrost distributions in the past.

Keywords: Scatterometer; SAR; permafrost extent; surface state

Introduction

Knowledge about permafrost extent is a critical part of
climate modelling and prediction (Cheng & Wu, 2007).
Different strategies to obtain a dataset suitable for the
determination of the extent of permafrost based on
degree days have been proposed (e.g. André et al., 2015;
Gruber, 2012, Westermann et al., 2015). Interpolation,
especially use of reanalysis data is essential in all cases.
Purely satellite observation based methods can only
account for frozen or unfrozen days (Park et al. 2010)
but can be translated into potential mean annual ground
temperatures (Kroisleitner et al. 2017). The accuracy
differs between the microwave sensors due to resolution
(25km vs 50km) and frequency (ASCAT 5.7cm, SSM/1
0.8cm). Kroisleitner et al. (2017) found Central Yakutia
to be a region of high disagreement for permafrost
extent between results excluding and including days of
snow melt. This area also showed comparatively low
performances of the empirical mean annual ground
temperature (MAGT) model (Kroisleitner et al., 2017).
In this study we focus on the area of Central Yakutia
and compare the results of Kroisleitner et al. (2017) with
freeze/thaw data based on a higher spatial resolution
experimental dataset from Synthetic Aperture Radar
(SAR) data (Sabel et al., 2012) to quantify the effect a
higher spatial resolution has on the end results.
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Data and Methods

Ground temperature data

The in situ data used in this study was obtained from
the Global Terrestrial Network for Permafrost Database
(GTN- D).

Surface State data

We used two radar data sets with differing spatial and
temporal resolutions. The first data set was obtained
from the Advanced Scatterometer (ASCAT) instrument
on the MetOp satellites and is provided in a 12.5km grid
(Paulik et al., 2014). The second data set was obtained
from the Advanced Synthetic Aperture Radar (ASAR)
instrument on the Envisat satellite and is gridded to
0.5km (Sabel et al., 2012). Both instruments operate at
C-band.

Methodology

The thresholds and empirical relationships between
frozen days and temperature proposed by Kroisleitner et
al. (2017) are applied to the ASAR freeze/thaw data set.
The results are compared and analyzed for differences
concerning landscape and soil texture.

Results

The higher spatial resolution leads partially to higher
performances compated to results of Kroisleitner et al.
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(2017) but varies with respect to land cover which
impacts thaw detection performance with SAR records.
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Abstract

Rock glaciers are abundant in Tien Shan. However, only few studies investigate their reaction to climate more in
detail. We used 1971 Corona, 2012 GeoEye and 2016 Pléiades data to map and investigate the velocity and surface
clevation changes of the rock glaciers in central-northern Tien Shan in Kazakhstan. We identified ~50 active rock
glaciers covering an area of ~18km?, which is more than 40% of the glacier cover. The average surface velocity was
0.44%0.30 ma'! with rates of up to 2mal. On average the rock glaciers showed only a slight surface lowering of 0.04
ma' for 1971-2012 and of 0.06 ma! for 2012-2016. Most of the rock glaciers showed similar patters: A surface
clevation gain at their fronts indicating an advance, a significant lowering in the upper probably glacier affected parts
and areas of elevation gain and lowering in between caused by flow patterns and loss of subsurface ice.

Keywords: Rock glacier, digital elevation model, elevation change, velocity, Central Asia, Tien Shan

Introduction

Glaciers play a vital role in providing fresh water
resources for the arid surroundings of the Tien Shan
especially during summer months when the water
demand is highest (Sorg et al., 2012). Several major cities
such as Almaty (Kazakhstan), Bishkek (Kygyzstan) or
Tashkent (Uzbekistan) and many villages are even
located directly at the foothills of the Tien Shan where
the share of the glacier melt to total run of is most
important. However, glacier in this mountain range lost
significantly area and mass during the last decades with
one of the highest rates in the outer ranges of Tien Shan
(Sorg et al., 2012).

Rock glaciers are abundant in Tien Shan, several rock
glaciers cover an area of 1 km? or more (Bolch &
Gorbunov, 2014), and in some valleys such as Ulken
Almaty valley it was estimated that more than 10% of
the surface ice is stored in rock glaciers (Bolch &
Marchenko, 2009). All rock glaciers in northern Tien
Shan originate in areas where permafrost occurrence is
likely while several large rock glaciers terminate at
elevations where permafrost is unlikely outside the rock
glaciers themselves (Bolch and Gorbunov, 2014).

The reaction of glaciers to climate change is relatively
well known However, studies about the reaction of rock
glaciers are much less frequent despite the fact that they
also occur in many mountain ranges and can be of
significance in relation to hydrology. The rock glacier
velocity shows a clear relation to climate as most of the
rock glaciers experienced increasing velocities during the
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last years or decades (Delaloye et al., 2008). This was
also measured for rock glaciers in Northern Tien Shan
(Sorg et al., 2015).

One of the major difficulty to study rock glaciers using
remote sensing data is that the changes in area, volume
and velocity are much lower and less evident that the
changes of the glaciers. Hence, high resolution imagery
and digital terrain models are needed to map and
investigate changes of the periglacial landforms. The aim
of this study is therefore to study the evolution of the
rock glaciers since the 1970s until today using high
resolution imagery and to compare the rock glacier
changes to the changes of the nearby glaciers.

Data and Methods

The primary data sets used in this study are high
resolution imagery from 1971 (Corona KH-4B, spatial
resolution ~2m), 2012 (GeoEye-1, 0.5m) and 2016
(Pleiades, 0.5m) sensors/cameras. Corona allowed to
investigate the long term evolution of glaciers and rock
glaciers while GeoEye-1 and Pleiades reveal the most
recent short-term changes.

Pleiades and GeoEye DEMs were generated using
Erdas Imagine Photogrammetry Automatic Terrain
Extraction (ATE). Corona KH-4B imagery were
processed using Remote Sensing Software Package Graz
(RSG), developed by Joanneum Research Graz, Austria.

The RSME for the GCPs and control points were on
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Figure 1: Surface velocity for the period 2012-2016, A: Morenny, B: Gorodetzky C: Ordzhonikidse rock glaciers (left); rock glacier

surface elevation change 1971-2016 (right).

average about 2 m with the highest RSME for the z
direction. The final DEMs were generated at a
resolution of 5 m. Thereafter the DEMs were carefully
co-registred and the DEMSs subtracted. Elevation
differences exceeding 30 were considered as outliers and
removed. The mean elevation difference of the stable
terrains was within £0.1 m for all DEM differences with
standard deviations of the stable terrain of maximum 7.0
m (Corona-GeoEye) and minimum 2.2m (GeoEye-
Pleiades). Orthoimges were generated and the rock
glaciers manually delineated. Horizontal —surface
displacement was measured using the correlation
algorithms COSI-Corr.

Results and discussion

A total of 52 rock glaciers were identified in the three
investigated valleys ranging in size from 0.02 km? to 1.59
km?. Overall they cover and area of about 18km?, which
is more than 40% of the glacier cover of the year 2016.
Moraine-type rock glaciers are more common (number
36) than talus-type rock glaciers (16). Overall the
identified rock glaciers were more frequent than the
inventory by Bolch and Gorbunov (2014) who used
mainly the lower resolution Landsat ETM+ data and did
therefore only include larger rock glaciers.

The average surface velocity of the rock glaciers was
0.44 £ 0.30 m a! with rates of up to 2m a'l. Highest
velocities were found at Gorodetzky and Ordzhonikidse
rock glaciers (Fig. 1 left). On average, the rock glaciers
showed only a slight insignificant surface lowering of
0.04 m a! for the period 1971-2012 and of 0.06 m a™! for
2012-2016. Most of the investigated rock glaciers
showed similar distinct patters of change: A surface
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elevation gain at their fronts indicating an advance, a
significant lowering in the upper probably glacier
affected parts of the rock glaciers and areas of elevation
gain and lowering in between probably caused by flow
patterns and loss if subsurface ice (Fig. 1 right). Similar
characteristics of surface elevation changes were found
in the Swiss Alps (e.g. Miiller et al. 2016).
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Abstract

Yedoma is vulnerable to thawing and degradation under climate warming, which can result in lowering of surface
clevations due to thaw subsidence. Quantitative knowledge about elevation changes can help us better understand the
freeze-thaw processes of the active layer and yedoma deposits. In this study, we utilize C-band Sentinel-1 InSAR
measurements, characterized by frequent sampling, to study the elevation changes over ice-rich yedoma uplands on
Sobo-Sise Island, Lena Delta. We observe significant seasonal thaw subsidence during summer months and inter-annual
elevation changes from 2016 to 2017. Here, we demonstrate the capability of Sentinel-1 to estimate elevation changes
over yedoma uplands. We observe interesting patterns of stronger seasonal thaw subsidence on elevated flat yedoma
uplands when compared to surrounding yedoma slopes. Inter-annual analyses from 2016 to 2017 revealed mostly
positive surface elevation changes that might be caused by delayed thaw seasonal progression associated with mean
annual air temperature fluctuations.

Keywords: Sentinel-1, yedoma uplands, surface elevation changes, thaw subsidence, InNSAR

Introduction measurements (regular revisit time is 12 days; shortest is
6 days if both Sentinel-1 A and B images are acquired)
provide an excellent opportunity to study seasonal and
inter-annual thaw processes in permafrost regions.

Yedoma, extremely ice-rich permafrost with massive
ice wedges formed during the Late Pleistocene
(Schirrmeister et al., 2011), is vulnerable to thawing and
degradation under climate warming. Yedoma deposits
also alternate with the thermokarst lake and basin
development (Morgenstern et al.,, 2011). The surface
elevation change, associated with the freeze and thaw
cycling processes, is of importance to help us understand

The objective of this research is to demonstrate the
capability of Sentinel-1 InSAR measurements to estimate
surface elevation changes over yedoma uplands. We also
analyzed the spatial pattern of seasonal thaw subsidence
and the temporal evolution of inter-annual elevation

the response of yedoma uplands to surface disturbance changes.

and/or climatic changes. Study site and methods
Interferometric Synthetic  Aperture Radar (InSAR) Sobo-Sise Island, located in the eastern Lena Delta, is

methods have been successfully used to remotely sense largely dominated by yedoma uplands (Fuchs et al., 2017,

and quantify seasonal subsidence and inter-annual Morgenstern et al, 2011). The mean annual air

subsidence trends in permafrost regions (Liu et al., 2015).
However, the space-borne C-band or IL-band SAR
missions ptior to the Sentinel-1A/B satellites only
provided a limited number of repeat images, making it
difficult to fully resolve the temporal evolution of
seasonal thaw  subsidence and/or inter-annual
variabilities. ~ The  frequent  Sentinel-1 ~ InSAR

temperature in the region is about -12.5 C and the
mean annual precipitation is about 180-200 mm. The
vegetation coverage is sparse and the growing season is
short (Fuchs et al., 2017).

The basic principle of InSAR is to compare the phase
of two complex radar images that were acquired from
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slightly different positions at different times. The phase
differences measure the displacements along the line of
sight between the two SAR acquisitions. In this study,
we use four individual interferograms to calculate the
accumulated seasonal subsidence during the thaw season
of 2017. We also use four interferograms between the
thaw season of 2016 and 2017 to conduct the averagely
inter-annual elevation changes.

Results and discussion

We observe seasonal thaw subsidence up to 2-3 cm
from June 23 to September 9 in 2017. Seasonal
subsidence is pronounced most on top of flat yedoma
uplands (Fig. 1). We also observe differences between
the years, where subsidence during the thaw season of
2017 was less intense when compared with the
preceding year 2016. This results in mostly a net inter-
annual heave from late season 2016 to 2017 (Fig. 2), and
is possibly caused by delayed thawing associated with
differences in summer air temperatures. Degree days of
thawing in 2016 were 812, in 2017 only 667. We also
observed a shift of the warmest month from typically
July to August. Mean air temperature in July 2016 was
7.8 °C and in August 7.3 °C. In 2017, July temperature
was only 7.2 °C, while August was warmer with 8.3 °C.
Even more pronounced were differences between
September 2016 and 2017 (164 vs 63 degree days of
thawing).
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Figure 1. Map of elevation changes over yedoma uplands on
SoboSise Island from June 23 to September 9 in 2017. Minus
values denote subsidence.
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Figure 2. Map of inter-annual surface elevation changes

between the thaw seasons of 2016 and 2017.

Conclusions

We explored and successfully tested the ability of
Sentinel-1 InSAR measurements for quantifying both,

ol

thaw subsidence over one thawing season and the inter-
annual elevation changes between two thaw seasons. In
particular, the latter profits strongly from high SAR
coherence values also between the years. We find that
the top of yedoma uplands exhibit the highest elevation
change amplitudes, suggesting that these areas are
especially vulnerable for permafrost degradation through
thaw subsidence processes. We also find that delayed
thawing associated with air temperature fluctuations
affects inter-annual elevation change magnitudes,
highlighting the importance of a careful and
comprehensive selection of time intervals for InSAR
processing from interferogram creation.
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Abstract

Since the launch of the first satellite (Sentinel-1A) in April 2014, the free and open data of the Sentinel satellites
provide essential information to monitor our environment. With this massive amount of data (expected 10 petabytes of
data each year with all Sentinel satellites operational), the challenge is now moving towards storage and processing
capabilities. The RUS (Research and User Support for Sentinel Core Products) service provides a scalable platform in a
cloud environment to facilitate the uptake of Copernicus data. In this research, we demonstrate its use on a case study
to evaluate the ice cover dynamics of thermokarst lakes in Northeastern Russia.

Keywords: Copernicus; RUS; Sentinel-1; lake ice;

Introduction

With an expected rate of four Terabytes per day
produced by all the Copernicus Sentinel satellites, the
limits of remote sensing applications are disappearing. In
2014, the Copernicus satellites started to provide crucial
data free of charge. This new generation of Earth
Observation satellites greatly increases our capabilities to
monitor the environment and respond to natural
phenomena. The challenge is no longer data availability,
but rather the analysis and exploitation of these large
datasets. Storage and processing needs (mainly) are some
of the barriers users have to face and solve to exploit the
full potential of the Sentinel data. In addition,
“knowledge barriers” prevent the use of the data by a
wider community.

In this work, we present a solution to the problems
outlined above and present its use through a case study
on artic lake ice dynamics using Sentinel-1 time-series.

The RUS Service

To support the users in overcoming the problems
related to large dataset processing, the RUS (Research
and user Support for Sentinel Core Products) project
(funded by EC and managed by ESA) started operations
in October 2017. It provides a scalable platform in a
powerful cloud environment with the storage and
processing capacity needed to handle the data derived
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from the Copernicus Sentinel satellites. The service is
offered to users at no cost through the provision of
customizable Virtual Machines (VM), preinstalled with
suite of Free and Open-Source Software (FOSS).

Moreover, to reduce the knowledge gap and improve
the uptake of Copernicus data, the RUS service offers a
dedicated Earth Observation helpdesk supported by a
team of remote sensing experts and an extensive training
program. The training plan includes a variety of
activities. i) Face-to-face events; i) Open Webinars
organized every month; iii) E-learning platform with
technical and theoretical content.

Case study

This work presents the use of RUS Copernicus to
analyze lake ice dynamics (freeze-up and break-up) for a
study area located in the Yedoma permafrost region of
northeast Russia. The study takes advantage of the
storage and processing capacity offered by the RUS
service. A joint use of Sentinel-1 and Sentinel-2 data is
proposed to derive a water body mask and analyze lake
ice evolution.

Background information

Thermokarst lakes are a major component of
permafrost landscapes and have been shown to be
sensitive indicators of climate change (Surdu et al. 2015).
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It has been well documented that temperatures at high
latitudes rise with rate at least double the global average
(Jeong et al. 2014; McBean 2005).

Dataset

For this study, the complete archive of Sentinel-1
images from November 2016 until November 2017 with
the following characteristics has been used:

- Acquisition type: Interferometric Wide (IW)

- Product type: Ground Range Detected (GRD)
- Polarization: VV

- Relative orbit number: 2

In total, 30 images have been identified as suitable for
this study and downloaded from the Copernicus Open
Access Hub into the RUS Virtual Machines. In addition,
a cloud-free Sentinel-2 image from August, 31st 2017
was used to derive a water mask.

Methodology

The proposed methodology includes the following
steps. For Sentinel-2, the Normalized Difference Water
Index — NDWT is derived and later used as mask to
identify water bodies on Sentinel-1 images.

For Sentinel-1 images, the preprocessing includes
orbit file calibration, thermal noise removal, radiomettic
calibration, speckle filter, terrain correction, subset and
sigma0 (o0) multi-temporal analysis.

The preprocessed SAR data will be used as an input
for K-means segmentation in order to derive ice fraction
time-series. The steps are adapted from the
methodology proposed by Surdu et al. (2015) for ASAR
and RADARSAT data. The software tools used for the
analysis are SNAP and R.
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Figure 1: Mean backscatter (60) time series for a small subset of
lakes in the study area (gray). Mean of all lakes in the subset (red).
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Preliminary results

We present only intermediate results as the work is
still in progress. The temporal profile of the mean
sigma0 (o0) over a subset of 8 lakes can be seen in (Fig.
1) and shows that Sentinel-1 SAR data offer a good
approach for this type of monitoring activities.
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Abstract

The consequences of permafrost degradation associated with thermokarst for surface ecology, landscape evolution,
and hydrological processes have been of great scientific interest and social concern. Part of a tundra patch affected by
wildfire in northern Alaska (27.5 km?) was investigated here, using remote sensing and in situ surveys to quantify and
understand permafrost thaw dynamics after surface disturbances In the first year after the fire, an average subsidence
rate of 6.2 cm/year (vertical) was measured. Subsidence in the burned area continued over the following two yeats, with
decteased rates. The mean rate of subsidence obsetved in our intetferograms was 3.3 cm/year, a value comparable to
that estimated from field sutveys at two plots on average (2.2 cm/year) for the six years after the fire. Our analyses on
the spatial variation in the subsidence indicated zones of highly eroding zones and showed a tendency for areas with

larger slopes to experience larger subsidence.

Keywords: Thermokarst; Tundra; InSAR; Subsidence; North Slope; Alaska

Introduction
The development of thermokarst in ice-rich
permafrost regions is a natural hazard, causing

irreversible geomorphic changes (Hacberli & Burn,
2002). The formation of large depressions and lakes or
swamps produced by thermokarst processes is observed
in discontinuous and continuous permafrost zones,
especially in Alaska and Northeastern Siberia. Despite
the recognition of uncertainty about the fate of Arctic
regions and global climate change due to permafrost
degradation information about the spatial extent and
rates of thermokarst processes are limited.

Liu et al. (2014) detected large-scale thermokarst
subsidence in the Anaktuvuk River Fire (ARF) using
InSAR. Although spatial variation in thermokarst
subsidence at the regional scale was shown field
information and InSAR analysis served to limit
understanding of local thermokarst processes as these
phenomena occur at much smaller scales. Currently

o4

InSAR  techniques for quantifying thermokarst
subsidence with enough spatial and temporal resolution
for understanding local thermokarst processes in detail
constrained by fieldwork measurements have not yet

been reported for the ARF scar.

The objectives of this study are to demonstrate the
ability of L-band InSAR to quantify thermokarst
subsidence at spatial resolutions of an order of tens of
meters with supporting evidence from field surveys and
analysis of optical satellite images and to discuss the
efficiency and limitations of this method as a monitoring
tool for thermokarst. To this end, we investigated the
northern part of the same ARF scar in detail using both
optical and microwave remote sensing as well as in situ
fieldwork measurements and observations.

Results and Discussion

The two-pass differential InSAR technique using
ALOS-PALSAR (L-band microwave) has been shown
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capable of capturing thermokarst subsidence at a spatial
resolution of tens of meters, with supporting evidence
from field data and optical satellite images (Figure 1).
Significantly large amounts of subsidence (up to 6.2
cm/year spatial average) were measured within burned
areas relative to unburned nearby by three independent
InSAR pairs after a tundra fire. Relatively small spatial
variation (less than 0.5 cm in spatial average) was
observed from two independent InSAR pairs during the
pre-fire period. The obtained interferograms did not
show sub-meter scale depressions along the troughs of
the depression network developed by thermokarst,
though they could distinguish small land areas with
stable and subsiding land surface at smaller than tens of
meters scale and smaller-scale detailed spatial variation
of thermokarst subsidence. Post-fire interferograms
were decorrelated along fire boundaries where rapid
surface changes due to lateral erosion can be expected
and clearly separated subsiding burned areas from stable
areas of intact environment. The mean rate of
subsidence observed in our interferograms from 24 Jul
2008 until 14 Sep 2010 was 3.3 cm/thawing season, with
this value comparable to the rate estimated from field
surveys at two plots of 2.2 cm/year for the six years
after fire, on average.

Interferogram phase values show abrupt-discrete
changes across the boundaries between burned and
unburned areas. Fire boundaries often coincide with
decorrelated areas. Inside the burned areas there are
some gradual changes in phase values (e.g. slopes
changes) while there are relatively uniform phase values
in unburned areas. Despite the topography of the
studied area being flat or showing only gentle slopes
(95% of the area shows slope angles of less than 5°), the
magnitude of subsidence seems to depend on the slope.
There was a tendency for areas with larger slopes to
experience larger subsidence. It is also worth noting that
large subsidence was calculated for fragmented
unburned areas, as they were small patches (most of
them smaller than 1 m?) surrounded by burned surfaces
in which thermokarst had been active. This fact seems to
show that thermokarst areas tend to propagate into
adjacent areas by the lateral influence of thermal and/or
hydrological regime shifts in the ground.

A larger magnitude of thermokarst activity on the
slopes revealed by this study is in accordance with the
fact that current thermokarst terrains appear as patches
of depressed areas surrounded by relatively higher land
underlain by ice-rich permafrost. The ground
temperature is higher and thaw is deeper. Permafrost
can be expected near lake basins (Plug & West, 2009)
and streamlines. This results in lateral and areal
expansion of drained thermokarst lake basins. This
spatial variation in thermokarst is consistent with
observations of an ice-rich permafrost region in eastern
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Siberia. For example, Sejourne et al. (2015) reported
baydjarakhs as a local feature resulting from the
thermokarst process observed on the banks of large
thermokarst lakes and alases.

Anaktuvuk River Fire area in Alaska
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Figure 1. Surface conditions and interferometry analysis for
the time interval 27 July 2009—24 July 2008. (Left) True color
image by high-resolution optical sensor (QuickBird) on 3 July
2008; (Right) Spatial distribution of vertical surface
movements calculated from unwrapped phases
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Abstract

Landscape-scale impacts of climate change in the Arctic include increases in growing season length, shrubby
vegetation, winter river discharge, snowfall, summer and winter water temperatures, and decreases in river and lake ice
thickness. Combined, these changes may have created conditions that are suitable for beaver colonization of low Arctic
tundra regions. We developed a semi-automated workflow that analyzes Landsat imagery time series to determine the
extent to which beavers have colonized permafrost landscapes in arctic Alaska since 1999. Comparison of the potential
beaver activity database with historic aerial photography from ca. 1950 and ca. 1980 indicates that beavers have recently
colonized or recolonized riparian corridors in northwest Alaska. Remote sensing time series observations associated
with the migration of beavers in permafrost landscapes in arctic Alaska include lake expansion and drainage, thaw
slump initiation, thermo-erosional gully formation, ice wedge degradation, thermokarst shore fen development, and
possibly development of taliks associated with water impoundment.

Keywords: Arctic, Beavers, Landsat, Thermokarst, Tundra, Very High Resolution Imagery

Introduction

Landscape-scale impacts of climate change in the
Arctic include increases in growing season length, shrub
cover and stature, winter river discharge, snowfall,
summer and winter water temperatures, and decreases in
river and lake ice thickness (Tape et al., In Review).
Combined, these changes may have created conditions
that are suitable for beaver colonization of low Arctic
tundra regions. Migration of beavers in permafrost
landscapes in arctic Alaska may cause permafrost
degradation and thermokarst development (Tape et al.,
In Review).

Study Area and Methods

Recent observational evidence of beavers on the
Beaufort Coastal Plain in the northwestern Canadian
Arctic (Jung et al., 2017) peaked our interest (Figure 1).
To systematically assess the extent to which beavers
have colonized low Arctic tundra regions, we developed
a semi-automated workflow that analyzes Landsat
imagery time series from 1999 to 2014 (Nitze and
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Figure 1. The low arctic tundra region of Alaska and
northwestern Canada. The orange line approximates treeline,
yellow arrows denote known beaver colonization routes since
1999 (Tape et al. In Review, Jung et al. 2017), plus signs show
beaver activity beyond treeline on the Seward Peninsula, white
box shows study area, and white arrows are potential future
colonization routes.

Grosse, 2016; Nitze et al., 2017). We used multi-spectral
indices trends (i.e. Tasselled Cap Brightness, Greenness,
and Wetness; Normalized Difference Vegetation Index -
NDVI; Normalized Difference Moisture Index -
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Figure 2. Very high spatial resolution image time series showing a tundra stream and lake system that was dammed by beavers in the
early 2000s. Three dams are present in the 2005 image but between 2005 and 2011 the lower most dam fails as a result of thermo-
erosional gullying leading to the catastrophic drainage of the lake and ice wedge degradation downstream of the outburst flood. All

images courtesy of Digital Globe, Inc.

NDMI) to map changes in land surface properties
(Nitze and Grosse, 2016; Nitze et al. 2017). Temporal
trend analysis of each multi-spectral index, at the per
pixel level, were categorized into wetting and drying
trends which include per pixel probabilities (0 to 100%)
of change using Random Forest supervised machine
learning classification. This potential beaver activity
database was then validated using very high resolution
satellite imagery acquited between 2002 and 2016.
Additional airborne remote sensing data from the 1950s,
1970s, and 1980s were used to assess their presence
and/or absence at validated beaver locations.

Results

We identified 83 locations representing potential
beaver activity in the Lower Noatak, Wulik, and Kivalina
river watersheds in northwest Alaska. Seventy locations
indicated wetting trends and 13 indicated drying trends.
Validated locations of beaver activity in the Lower
Noatak, Kivalina, and Wulik river watersheds using
high-resolution satellite imagery showed that 80% of the
wetting locations represented beaver activity (damming
and pond formation), 11% were unrelated to beavers (no
apparent dam building), and 9% could not readily be
distinguished as being beaver related or not. For the
drying locations, 31% represented beaver activity (pond
drying due to dam abandonment or failure), 62% were
unrelated to beavers (no sign of past beaver activity prior
to drying), and 7% were undetermined.

Discussion and Conclusions

In the Arctic, by building dams, beavers have
transformed stream reaches into wetlands likely with
similar effects as at lower latitudes, such as the shift
from lotic to lentic environments and increased
variability in aquatic habitat. The Arctic, however, may
have unique responses related to the tundra vegetation,
presence of thaw susceptible permafrost soils, scarcity of
water in winter, and limited biodiversity.

o7

Very high resolution remote sensing time series
observations associated with the migration of beavers in
permafrost landscapes in arctic Alaska include lake
expansion and drainage, thaw slump initiation, thermo-
erosional gully formation, ice wedge degradation,
thermokarst shore fen development, and possibly
development of taliks associated with  water
impoundment (Figure 2). Beavering of the low Arctic
will  likely ongoing permafrost terrain
changes.

exacerbate
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Abstract

While there are abundant erosional features throughout the Arctic — ranging from landslides, thaw slumps or river
bank to gully erosion — one of the most dynamic periglacial elements are thermokarst lakes. Due to their lateral thermal
and mechanical erosion they shape their surrounding topography and hydrological network, leading to a further
destabilization of permafrost soils. This study aims at the remote sensing based identification and quantification of
these lateral erosion processes and their incorporation into the land surface model CryoGrid3 to estimate their effect on
Arctic ecosystems and infrastructure.

Keywords: Thermokarst lake expansion; erosion rates; Sentinel; RapidEye; CryoGrid3; permafrost

Introduction vertical processes of soil subsidence and thermokarst

development yet (Westermann ef a/., 20106).
Thermokarst ponds and lakes are an abundant and

widespread landform throughout the Arctic (Hinkel e#
al, 2005). They develop in regions undetlain by Methodology
continuous permafrost as a consequence of soil
subsidence that is triggered by the thawing of excess
ground ice (Langer ef al., 2016; Pienitz ez al., 2008). When
a resulting depression fills with the melt water of the
degraded ice, it forms a pond that can cause — due to the
waterbody’s heating property and the formation of a
talik beneath the basin — further thawing processes
(Pienitz et al., 2008). As a result of the thermal erosion,
the size of the pond increases vertically and horizontally
and can turn into a lake. Several studies conducted to
understand thermokarst lake dynamics state that the area
of the Arctic’s land surface covered by these landforms
is steadily growing (Jones e al., 2011). Especially ponds —
being the primary waterbody type (Nitze ¢f al., 2017) —
underlie a strong expansion (Jones e al., 2011) further
shaping their surrounding landscape.

Our study aims at the detection and quantification of
lateral erosion and mass movement processes that occur
around thermokarst lakes. For this purpose a study site
in Prudhoe Bay, Alaska, is selected due to its vast natural
and human-caused thermokarst features.

While the previous scientific work regards the o A &
dynamics of thermokarst ponds and lakes over a ’
substantial time span, this study focuses on a detailed Figure 1: RGB image of the Prudhoe Bay Area (Alaska,
quantification and estimation of seasonal shoreline U.S.A.) showing the infrastructure’s close proximity to
crosion rates, their spatial patterns and temporal thermokarst features (Spatial Reference: WGS 84 UTM zone
variability. The retrieved information will be 6. Imagery: Planet Team, 2017)
incorporated into the land surface scheme CryoGrid3,
which simulates permafrost thawing but only regards

o8
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The local infrastructure consists of gravel roads to
access the production sites and pipelines for oil
transport. Figure 1 shows a production site close to
Prudhoe Bay and underlines the need for a better
understanding of landscape changes resulting from
permafrost thaw. By applying a combination of high
resolution optical imagery and complementary radar and
clevation data, the study aims at explaining (i) how
thermokarst lakes react to changes in meteorological
conditions, (ii) at investigating the spatial patterns of lake
expansion (linear/ irregular) and (i) at identifying the
driving factors for lake dynamics (lake ice type, lake size,
topography, vegetation etc.).

Our analysis is based on radar data of the Copernicus
Sentinel 1A and B for retrieving lake ice characteristics
and on multispectral imagery from the Planet Labs
Incorporation’s PlanetScope and RapidEye products for
acquiring information about ground characteristics (soil,
vegetation etc.). The (micro)topography — being an
important factor concerning mass movement processes

— will be analyzed on the basis of the Arctic DEM.

For representing thermokarst lake formation and
expansion in the land surface scheme CryoGrid3, it is
also crucial to understand the response of thermokarst
dynamics to seasonal changes in meteorological
conditions. We therefore analyze climate data products
to identify changes in temperature, precipitation, wind
speed, etc. since these parameters influence the thermal
regime of the waterbodies and the susceptibility of the
surrounding landscape to soil erosion.
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Identification and mapping of permafrost using satellite images in the
mountainous regions of cryolithozone (on the example of the Elkon
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Abstract

The technique of identification of permafrost and taliks with use of satellite data is offered and also possibilities of
mapping of their distribution in a zone of discontinuous permafrost in mountainous areas of South Yakutia, on the
example of the Elkon mountain are shown. The results of the correlation analysis of satellite data with field full-scale
materials are presented. For the first time, the indicator properties of the radiation temperature (thermal infrared
radiation from the landscape surface) received by means of the Landsat infrared survey in channel 6 for the detection
and regional mapping of permafrost are described in more detail. Algorithms for recognizing permafrost and taliks for
each exposure are compiled, representing a complex indication scheme for components such as height, slope and
surface exposure, vegetation and snow cover, and the radiation surface temperature.

Keywords: Landscape indication; mapping; permafrost; satellite images (remote sensing).

In the mountainous regions of the permafrost zone, consisting of six indicators, such as altitude, slope and
the study of permafrost is complicated by a relief, snow and vegetation cover, and radiation
complicated dissected relief of the territory. In this temperature (thermal infrared radiation of the surface)
connection, at the present stage of scientific and recorded in the thermal channel Landsat. The last
technological progress, the introduction of methods parameter (indicator) is relatively new in the study of
that allow remote study and research of permafrost permafrost, but not well studied.
becomes urgent. In particular, this is a method of The developed technique is suitable for exploring
landscape  indication, the essence of which s to cryolithozone in mountain regions with a dismembered
recognize the hidden components and properties of the relief. In view of this, parts of South Yakutia were
landscape  through  physiognomic components. The chosen as the study atea. For the first time, according
relevance of this method in the study of the permafrost to the proposed method, the study was conducted in
of mountain regions is due to the fact that the main the region of the Elkon mountain massif located in the
factors  (landscape components) that affect the northern part of the Aldan Shield. This method also
formation of the temperature regime of rocks (on carried out a study in the area of the Olekma-Charsky
which the thawing or frozen state depends) are clearly highlands. The repeated approbation of the developed
reflected in remote sensing materials. technique confirmed the possibility of its use for

In this paper, we develop a technique for detecting research and mapping of permafrost rocks in the
frozen and thawed rocks using satellite imagery, which mountainous regions of the permafrost zone.

is an algorithm for complex indication of permafrost,
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Abstract

In this study, we use very-high-resolution WorldView satellite stereopairs to reveal and measure the geomorphic
features that preceded and followed GEC formation on the Yamal and Gydan peninsulas. Analysis of DEMs allowed
us to (a) distinguish different terrain position of the GECs (at the foot of a gentle slope, or on an upper edge of a
terrace slope); (b) reveal that the formation of both Yamal and Gydan GECs were preceded by mound development;
(c) determine proportions of a funnel-shaped upper part and a cylindrical lower part for each crater; and (d) measure

the plan form modification of GECs.

Keywords: gas emission crater; satellite stereopair; digital elevation model; cryogenic relief.

Introduction

Newly formed, deep narrow craters were discovered
in permafrost in the Yamal and Gydan peninsulas, north
of Western Siberia in 2014. The first known crater (GEC-
1) was discovered in the central part of the Yamal
Peninsula in the summer of 2014. In 2014—2015, authors
analyzed satellite images of this crater to determine the
date of the crater formation as well as to provide the
geomorphologic characteristics of the area prior to crater
formation, immediately after it, and the state of its
further development (Kizyakov e# al., 2015). The crater
on Gydan Peninsula (AntGEC) was reported in media in
summer 2014, but the site was not visited by expetts
until 2016. To reconstruct the relief that preceded
formation of this crater and to estimate the relief
changes that occurred, we, by analogy with the research
done on GEC-1, processed stereopairs of satellite
images of very high spatial resolution.

This paper is based on results of GEC-1 and AntGEC
geomorphodynamics compatrison (Kizyakov ez al., 2017).

Materials and Methods
Study sites

There are fragments of the IV coastal-marine plain
40-60 m high in the GEC-1 area in Central Yamal. The
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crater itself is located on the boundaty between a
khasyrey (a drained lake depression) and a slope of a
terrace-like surface, modified by erosion channels and
small thermokarst lakes.

The AntGEC is located in the western part of the
Gydan Peninsula. It occupies the edge of III-d alluvial-
marine plain 30-50 m above sea level, bordering the
small flat-bottomed gully.

Remote sensing data

Digital elevation models (DEMs) with a node density
of 1 m were created in order to define the morphological
characteristics of the relief before and after the GEC
formation. In our case, the most suitable input data
source for the reconstruction of the terrain and for
change detection is the stereo mode of very high spatial
resolution satellite imagery. We selected multi-temporal
stereopairs of very high spatial resolution satellite
images, closest to the time of the GEC-1 and AntGEC
formation, for further analysis.

Using the stereopairs, we created DEMs of 2013 and
2014 for each key site with 1 m grid spacing. We
estimated the relative accuracies of the DEMs within
0.35-0.55 m.
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Results and discussion

The AntGEC was preceded by a mound much smaller
than the one preceding the formation of GEC-1
(Kizyakov e# al., 2015), with heights of 2 and 5-6 m, and
the diameter of the base 20 and 45-58 m, respectively.

Both GECs have a similar structure, consisting of a
funnel-shaped upper portion and a cylindrical lower
portion. Craters are compared with each other using
dimensions measured in both field survey and remote
sensing. The upper edge diameter of the AntGEC and
GEC-1 were the same one year after their formation:
about 25-29 m.

P,
Figure 1. GEC-1 and AntGEC dynamics. (A) position of
the GEC-1 upper edge: red line as of 2014-06-15, orange line
as of 2015-08-31, green line as of 2016-10-19; (B) position of
the AntGEC upper edge: red line as of 2014-10-11, orange
line as of 2015-08-31.

Ejected material is found around both landforms.
Unlike GEC-1, when calculating the difference between
the 2013 and 2014 DEMs of AntGEC key site, areas of
accumulation of material with a height of more than 0.9
m (the relative error of the subtraction results of DEMs)
have not been identified. The absence of accumulative
body can be explained as follows: the ejected material
was represented by frozen sand (fairly easily eroded by
meltwater and rains) and ice that melted and left traces
of sand.
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Craters are actively expanding due to the thaw and
collapse of frozen icy walls, and are filled with water
from melted ground ice, snow accumulating inside the
craters in winter, and rainfalls. From 2014 to 2015, the
diameter of the GEC-1 increased from 29 to 52-54 m
(Figure 1, A). During the same period, the diameter of
AntGEC edge increased from 25-28 m to 43-47 m
(Figure 1, B). GEC-1 form an irregularly shaped lake,
while the AntGEC’s inner lake preserved its round
shape due to both slowly retreating walls, protected by
sandy scree, and the drainage of lake water into a gully
nearby.

Conclusions

This study revealed commonalities and differences in
the relief position and the geomorphic effects of the
Yamal (GEC-1) and Gydan (AntGEC) gas-emission
crater formation. Diameter of both GECs increased by
1.7-1.8 times in the first year. Yet their geomorphic
position and latest observed lakes shape and size
considerably differ.

The formation of both Yamal and Gydan craters was
preceded by a mound. However, the dimensions of the
mound, predecessor of the Gydan AntGEC was smaller
than for the Yamal GEC-1. The search for mounds—
predecessors that might indicate the locations of
possible future gas emission craters cannot be
exclusively based on mound dimensions because of their
considerable variations. Indicators to characterize such
predecessor mounds are still to be discovered.
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Abstract

Waterbodies in the arctic permafrost zone are considered a major source of the greenhouse gas methane (CHy).
Spatial extrapolation of these CH4 fluxes to a region or the circum-Arctic, however, are still associated with large
uncertainties. Here, we address this issue by using a combination of airborne CH4 flux measurements and waterbody
mapping based on TerraSAR-X and Sentinel-1 data across two study areas (1000 km?) in the Mackenzie Delta, Canada.
Our results indicate that permafrost waterbodies, even if they seem to be strong emitters on an individual basis, do not
necessarily translate into significant CH4 emission hot spots on a regional scale. Our results show inconsistent patterns
in the correlations between waterbody types and the CHy flux in the two study areas and across different spatial
resolutions. Technical advances enabling the determination of the CHy flux of individual waterbodies across a region
provide a prospective direction to improve our understanding.

Keywords: airborne eddy-covariance, TerraSAR-X, Sentinel-1, lakes, ponds, CH4

Introduction Methods

Globally, arctic permafrost lowlands have the highest We based this study (cf. Kohnert e a/, submitted
number of lakes and a large fraction of the terrestrial 2017) on results from two areas of 1,000 km? each in the
surface in these regions is covered by waterbodies. Mackenzie Delta, Canada. We derived CH4 fluxes at a
Arctic permafrost waterbodies are considered a major resolution of 100 m from two aircraft eddy-covariance
source of the greenhouse gas methane (CH4). However, campaigns conducted in the summers of 2012 and 2013
their contribution to the CH4 budget of the arctic (Kohnert et al., 2017). The CHy fluxes were transferred
permafrost zone is not yet well understood, due to into a high-resolution CH4 flux map. We combined the
spatio-temporal  variability of the fluxes and flux map with two high spatial resolution (2.5 m)
methodological constraints. waterbody maps based on TerraSAR-X data from the

By using state-of-the-art technology and data Permafrost Region Pond and Lake Databa§e PeRL
products, this study aims at advancing our understanding (Muster e# al, 2017), cut both data sets to their mutual
of the role of the CH4 emissions from waterbodies to extent (Fig. 1) and determined the waterbody area for
the CH4 budget of a region with numerous waterbodies cach wgterbody within the study areas (Fig. 2). We. then
and further to understand the role of the spatial categorized the waterbody depths based on Sentinel-1
resolution of the CH, measurements. data utilizing differences in the backscatter signals for
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floating and grounded ice. Subsequently, we reduced the
resolution of the CHy4 flux map to analyze if different
spatial resolutions of CHy flux data had an effect on the
detectability of relationships between waterbody
coverage, number, depth, or size and the CHy flux.

N . )
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Figure 1. CH4 fluxes across the study areas.
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Figure 2. a) Location of included waterbodies and b) their
size distribution for the northern (6,784 waterbodies) and
southern (10,273 waterbodies) study area.

Results and Discussion

Our results indicate that while waterbodies may be
strong emitters on an individual basis, they do not
necessarily appear as significant CHy hot spots on a
regional scale.

We did not find consistent correlations between
waterbody types and the CHy flux in the two study areas
across the different resolutions.

In the northern study area the number of small or
shallow waterbodies was weakly positively correlated
with the CHy4 flux, while there was no correlation in the
southern study area.

The CH4 emissions were not significantly larger above
waterbodies than above terrestrial surface.

We propose determining object-level CHy emissions
for individual waterbodies across areas similar in size to
the present study in order to better understand how their
spatial patterning might feed into circum-arctic or global
estimates. This necessitates low measurement heights
which come within reach e.g. through advances in drone
technology.
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Abstract

The objective of the GlobPermafrost Project (2016-2019) initiated by the European Space Agency (ESA) is to better
understand the global impact of changes in permafrost by providing earth observation data for the science community.
For this purpose, various remote sensing products on the subject of permafrost are developed, discussed and optimized
with the users of these products. The Permafrost Information System (PerSys) was developed for the user-friendly
provision and visualization of these data products and is part of the Arctic Permafrost Geospatial Center (APGC). The
PerSys Data Catalogue allows users to conveniently search for permafrost related datasets, obtain descriptions and
previews, receive information on data prototypes and download the final published data products. The PerSys WebGIS
provides detailed visualizations of the data products and their attributes and enables users to compare and combine

several datasets.

Keywords: Permafrost Information System, ESA GlobPermafrost, Remote Sensing, Data Catalogue, WebGIS

Introduction

Permafrost is an important component of the
Cryosphere, which is affected by rapid warming of the
Arctic. The degradation and thaw of permafrost in
vertical as well as lateral directions results in a reduction
of permafrost in high latitudes and high altitudes. Since
permafrost affects the ecosystem conditions of the
about 23 million square kilometer large permafrost
region, its loss has strong effects on hydrology,
geomorphology, biogeochemistry, and biota. Remote
sensing has become an essential tool for quantitatively
detecting and monitoring changes in permafrost and
associated landscapes over large regions and with
repeated observations.

Remote sensing based products for the permafrost
region are quickly growing in numbers. However,
different storage locations, formats and observation
targets pose a challenge for the usability of valuable
datasets. The European Space Agency (ESA) has
supported permafrost-focused remote sensing activities
in two recent projects, ESA DUE Permafrost (2009-
2012) and ESA DUE GlobPermafrost (2016-2019;
http://www.globpermafrostinfo). The ESA DUE
Permafrost project with spatial coverage of the northern
hemisphere developed, validated and implemented earth
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observation to support research communities and
international organizations in their work on better
understanding permafrost characteristics and dynamics.
Now, the GlobPermafrost project expands on this
successful  approach by including both  polar
hemispheres as well as mountain permafrost regions.

Here we present the Permafrost Information System
(PetSys), which combines a comprehensive data
catalogue and a state-of-the art WebGIS within the
framework of the ESA DUE GlobPermafrost project.

ESA GlobPermafrost Products

Products in GlobPermafrost cover different aspects of
permafrost by integrating in-situ measurements of
subsurface properties and surface properties, earth
observation, and  modelling.  Currently,  the
GlobPermafrost team is creating prototype datasets for
defined remote sensing derived products and targeting
various user groups across 5 broad themes: permafrost
extent, permafrost-specific land cover classes, hotspot
regions of permafrost change, local sites of high research
interest in the user community (“cold spots”), and
mountain permafrost (see Table 1). Registered users are
able to assess the usability and validity of the products
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and provide feedback to the GlobPermafrost team. The
feedback of the user groups is used to improve the
developed remote sensing products.

Table 1. GlobPermafrost products.

Product Example Datasets

Coldspot Bedfast (Grounded) Lake Ice from Sentinel-1A
Land Cover Classification from TerraSAR-X

Hotspot Region of | Trends of land surface change from Landsat

Permafrost Change time-series 1999-2014

Land Cover Prototype Land Cover Prototype Wetness Level
Land Cover Prototype Shrub Height

Winter Backscatter Classes from Sentinel-1

Land Cover Classification from Sentinel-1 and
Sentinel-2

Mountain Permafrost Rockglacier Inventory with Indication of the

State-of-activity
InSAR-detived Surface Deformation Map

Permafrost Extent and
Properties

Ground Temperature Map of the Northern
Hemisphere Permafrost Region

Permafrost Information System

To bring the resulting data products closer to the
permafrost communities, the Permafrost
Information System (PetSys) has been conceptualized as
an open access geospatial data dissemination and
visualization portal for remote sensing derived datasets
produced within the GlobPermafrost project. The
prototype and final remote sensing products and their
metadata will be visualized in the PerSys WebGIS and
described via the PerSys Data Catalogue. The WebGIS
visualization is managed via the AWI WebGIS
infrastructure maps@awi (http://maps.awi.de) relying
on OGC-standardized Web Mapping Service (WMS)
and Web Feature Service (WES) technologies for data
display and visualization. The PerSys WebGIS projects
allow visualization of raster and vector products such as
land cover classification, Landsat multispectral index
trend datasets, lake and wetland extents, InSAR-based
land surface deformation maps, rock glacier velocity
fields, spatially distributed permafrost model outputs,
and land surface temperature datasets. Each of these
WebGIS projects is adapted to the spatial scale of the
specific products, ranging from local to hemispherical
coverage. The PerSys Data Catalogue provides metadata
and access to all mature-state and final-state
GlobPermafrost products.
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Figure 1. PerSys conception.

PetSys can be accessed through the GlobPermafrost
project webpage. PetSys is also a cote component of the
Arctic Permafrost Geospatial Center (APGC), a geodata
portal for permafrost launched within the framework of
the ERC PETA-CARB project at the Alfred Wegener
Institute Helmholtz Centre for Polar- and Marine
Research. The APGC framework features a range of
permafrost-specific geospatial data projects, including
PerSys, and will allow searching for project-specific
geospatial data by tags, keywords, data type and format,
licence type, or by location. PerSys is available within
APGC since early 2017.

In addition, the Open Access data library PANGAEA,
as a certified member of The International Council for
Science (ICSU), serves as permanent archive for the
GlobPermafrost final products, providing permanent
Digital Object Identifiers (DOIs) for each archived
dataset. The ESA DUE Permafrost final products are
already  published in PANGAEA under DOI
doi:10.1594/PANGAEA.780111.

The final GlobPermafrost remote sensing products
published in PANGAEA will remain visualized in the
PerSys  WebGIS and catalogued, searchable and
accessible via the PerSys Data Catalogue.
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Abstract

Two islands in Lena river delta (72°N 126°E) were examined by geobotanical and geomorphological ground research
followed by very detailed drone images (5 cm per pixel) and digital elevation model (DEM) created by photogrammetry.
Five main surfaces could be distinguished by elevation, origin and geological substrate: floodplain, first river terrace,
second river terrace, third river terrace and bed rock outcrops. Four of them (except of the second terrace) were
examined with drone images (5 cm per pixel) and ground research. Each surface characterized by specific set of plant
communities depending on active layer deepness and microrelief features made by permafrost and ice wedges.

Keywords: Lena Delta, ice wedges, polygonal structures, shrubby tundra, tussock tundra.

Introduction

Tundra ecosystems and permafrost are highly sensitive
to climate change (Anisimov et al, 2002). Warmer
temperatures can have severe consequences on
permafrost degradation and respectively on relief and
vegetation development (Osterkamp & Romanovsky,
1999). Detailed characteristics of relief and vegetation
formation in permafrost regions based on remote
sensing data can provide good basis for the prognosis of
permafrost ecosystems development.

Two islands in Lena river delta (72°N 126°E) were
examined by geobotanical and geomorphological ground
research followed by detailed drone images (5 cm per
pixel) and digital elevation model (DEM) created by
photogrammetry. First was a small island Samoylov (2 x
2 km) and second one was southern part of Kurungnakh
island (about the same size as first island). Initially on the
drone image all visible geomorphological and vegetation
contours were determined and classified. In field
vegetation was carefully described on 260 sample plots
10 to 10 meters. Vegetation data were classified and
united into mapped units (complexes or associations).

Every geomorphological contour was characterized by
microrelief features with their detailed morphometric
characteristics, calculated from remote sensing data. In
addition, slope orientation and inclination was calculated
for the all microrelief features. Thickness of an active
layer was measured at the end of August by metal stick
in 300 points.

Results

67

Previously (Grigoriev, 1993; Schwamborn a7 a/., 2002)
five main geomorphological surfaces were recognized in
Lena delta: floodplain, sequence of three river terraces
and bedrock outcrops. All of them differ by elevation,
age, origin and surface geological substrate. In an area of
our research there are only four of them. We grouped all
our data in clusters according to these main surfaces.

On the floodplain, elevated above lowest water level
about 1-2 m, active layer was deep enough (from 80 to
110 cm) to influence surface microrelief formation.
Relief was mostly flat with few low ridges and channels
made by the temporary streams. In terms of vegetation,
there is sequence of plant communities
representing few stages of primary succession depending
on the distance from the main channel and longevity of
flooding. First stage occupied an area about 10 — 15 m
from the riverbank. It is sand beach without any plants
and quite often with acolian microrelif. It is flooded
most part of the year and consists of pure sand. Active
layer is more than 100cm. Second stage covered an area
between 15 and 40 m from the riverbank. It occupied by
pioneer communities of Deschampsia borealis, Eriophorum
scheuchzeri and Eguisetum arvense. Microrelief is flat and
surface substrate consists of sand and fine silt. Third
stage spread over the rest of floodplain. Its vegetation
depends on relief forms — main area on flat surfaces
covered by willow shrubs (Sa/ix glanca) with sparse herbs
coverage dominanted by Eguisetum arvense; on the top of
low ridges — willow shrub communities (Sa/ix glaunca and
S.alaxensis) with rich herbaceous layer; in hollows there
are sage fens (Carex stans) and Eriophorum fens. In
depressions close to the riverbank, there are small creeks

clear
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and oxbows with water vegetation. Indicator species for
this surface could be few pioneers: Cardaminopsis petrea,
Descurainia sophyoides, Eriophorum schenchzeri etc.

First terrace elevated at 4 — 6 m above lowest water
level. There are few big logs transported by river on this
surface as a sign of periodic floods. Surface geological
substrate is a mixture of fine send layers and thin layers
of coarse organic detritus. Relief mostly flat with few
thermocarst lakes and eclongated shallow depressions
(probably former channels). Active layer is from 10 to 30
cm in dependence of microrelief features. Microrelief is
well developed and represented by polygonal net of ice
wedges. Three main types of polygons could be
distinguished by form. First — tetragonal polygons about
10 to 10 m in rows more or less parallel to the riverbank.
Second — penta- or hexagonal polygons of the same size
not oriented. Third — tetragonal polygons 20 to 10
meters oriented across shallow elongated drainages.
Among all these types high- and low-centered polygons
could be found with small water bodies inside or
relatively dry tundra. Vegetation is highly complex.
Polygon rims covered by moss tundra with Hylocomium
Splendens var. obtusifolia mixed with Tomenthypnum nitens and
Aulacomninm  turgidum. Polygon vegetation depends on
water level and varies from open water with few aquatic
plants to different types of water vegetation, green moss
bogs and wet tundra nearly the same as on the rims.
Actually all plant associations of this complex could be
arranged in one successional sequence depending on
water content. Indicator species for this surface could be
Carex stans. It occurs on all surfaces but only on the first
terrace is very active with high frequency and
abundance.

Third terrace occurs only on Kurungnakh island. It is
elevated about 30 to 50 m above the lowest water level
and from the surface consists of so-called ice-complex —
mixture of fine loam and syngenetic ice wedges of a big
size. Relief is slightly wavy with numerous thermocarst
lakes alive and dried out, pingos, creeks and valleys.
Polygonal structures on the surface are nearly invisible in
field but could be distinguished on drone images. They
are of comparable size with polygons on the first terrace.
Active layer is about 30 to 40 cm. Main vegetation type
on flat drained surfaces is tussock tundra with
Erigphorum vaginatum as main dominant. On gentle slopes
shrubby tundra with Betula exilis is widespread and
willow shrubs with Salix glauca grow on slopes with long
lasting snow. The most diverse vegetation is in former
lake depressions (alas). It is polygonal complex of water
vegetation, sedge fens, green moss swamps and wet
tundra. Tussock nanorelief on flat surfaces consists of
tussocks from 60 up to 100 cm in diameter and 0,3 - 0,5
meter height. Because of these tussocks, it is difficult to
see big polygons. No any differences in vegetation
connected with big polygons. Plant indicators of this

68

surface are main dominants of zonal tundra - Betula exilis
and Erigphorum vaginatum. They are absent on floodplain
and bedrock outcrops and quite rare on the first terrace.

Bedrock outcrops occurs also only on Kurungnakh
island and on mainland. Their elevation could be up to
100 m above sea level. Soil is gravelly and shallow.
Thickness of an active layer is not possible to measure
by metal stick because on the depth of 3 — 5 cm soil
undetrlined by continuous bedrock. General relief is hilly
with slopes, hilltops and galleys. In nanorelief there are
many signs of an active cryoturbations. On slopes
solifluction terraces are well developed. No any
polygonal structures were found. Typical vegetation here
is shrubby tundra with Dryas spp. and lichen tundra with
Alectoria spp., Cetraria spp. and Cladonia spp. The main
indicator plant is Novosiversia glacialis, which could be find
only on stony or gravelly soil.

Conclusion

Specific plant associations could characterize all main
surfaces in Lena delta. In its turn, vegetation depends on
active layer thickness and ice wedges development.
Actual vegetation diversity supported by processes of
permafrost degradation and connected with microrelief
formation. Different types of interconnected relief-
vegetation complexes could be distinguished on drone
images. This set of data is a good basis for the
interpretation of satellite images with different
resolution.
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Abstract

Given the challenge of gathering topographic and remotely sensed data in the Arctic, we lack a basic understanding of
the spatial extent of landforms. Quantifying the relationship between topography and landform process is a key
challenge for periglacial geomorphologists. The effects of future climate warming on hazards and hillslope sediment
fluxes depends on identifying regionally extensive periglacial landforms that are susceptible to warmer climates. To
address this, we created a generalised landform classification model and used it to successfully classify landscapes in
Svalbard and Alaska. We found that solifluction and scree slope development are the dominant hillslope processes
acting on these landscapes and therefore should be the focus of future research.

Keywords: Landscape classification; Machine learning; Mapping; Periglacial; Scree; Solifluction.

. Model's mapped landforms
Introduction i
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Being able to automate the classification of remote 002 33 1025 001 o070 36
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research (Harris e al, 2001). Automated analysis of
digital elevation models (DEMs) has provided a
significantly improved understanding of the genesis and
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processes in temperate regions (Prima e# al, 2000). Areas
of permafrost and periglacial landforms have received s R 000 037 000 ao0 oco oos
lCSS research thaﬁ warmer landscapes. MOSt Soufuction | 8:05 1498 000 000 225 170

classifications of the distribution of petiglacial landforms
tend to focus on one or a small number of processes
and/or combining topographic data with climatic data
and satellite-based imagery (Aalto ez al, 2014). I seek to
develop a more generalised methodology, where I
attempt to understand the spatial distribution of the
major non-glacial geomorphic processes acting on a
mountainous Arctic landscape.

Methods
We developed a landform classification model that MGG MRS B e, Comedmwc el Salboaks
uses a combination of three digital elevation model Figure 1. Endalen. 2) confusion matrix, b) satellite map,

and c) author’s map, d) model’s map. Maps undetlain with
hillshade. Grey areas represent no data.

(DEM) derived topographic parameters; (i) slope
gradient, (i) relative local relief, and (iii) topographic

roughness, to best model the spatial distribution of We trained a linear disctiminant analysis (LDA)
seven landforms found in mountainous arctic classifier using mapped landform polygons from
environments; Allochthonus material, alluvial fan, Endalen and Adventdalen, Svalbard. Using the extracted
bedrock, blockfield, braided river, scree, and topographic parameter pixel values for each landform,
solifluction. we ran the LDA classifier on a training dataset

composed of 70% of the pixel values, and validated it on
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the remaining 30%. Using a 10km? 5-meter DEM for
Endalen (Fig. 1) and Ringdalen (Fig. 2) on Svalbard and
a 10km? 5-meter DEM for Saviukviayak (Fig. 3), in
Alaska, we applied the model using the parameter values
extracted from Svalbard.

To evaluate the quality of the classifier we compared a
geomorphology map, manually created by the authors,
to the corresponding modelled map using a confusion
matrix. The diagonal elements of the confusion matrix
represent the percentage of correct pixel classifications
in the model. The off diagonal represents the percentage
of misclassifications. We assessed the general quality by
using an overall accuracy score, which is the percentage
of correct predictions over the number of landforms.

Results and discussion

Endalen, Ringdalen, Saviukviayak had overall
accuracies of 81.69, 76.63, 17.44% respectively. Bedrock,
blockfields, and solifluction were identified with a high
degree of accuracy (Fig. 1), with bedrock outcrops
modelled at a greater resolution than was possible to
map using satellite imagery (Fig. 1). Interestingly, scree
slopes were difficult to separate from the ubiquitous
vegetated allochthonus slopes (Fig 3.), suggesting a
similar genesis for these landforms. When we pool
allochthonus and scree classifications, the overall
Saviukviayak model accuracy increases to 70.32%.

Model's mapped landforms

&
of Py s o &
< £ & 0% &

& & e

o N ¢ s e

@ W O < S & o
Y o L @ +° & o

A,,Mhmunus 0.12 021 3.20 0.04 236 17.13

0.00 |51.54 0.00 0.00 48.40 0.00 0.07

Alluvial Fan

Bedrock | 40:23  0.00 |57.12 2.66 0.00 0.00 0.00
Blockfield{ 7+75  0.00 0.00 §92%258 0.00 0.00 0.00

Braided River| 1.80 33.00 0.00 0.00 | 50.47 2.28 12.36

Scree 0.00 3.78 0.00 0.00 0.00 0.00
Solifluction{ 2:48 11.00 0.00 0.00 1.33 5.50

[%]

Author's mapped landforms

Figure 2. Ringdalen confusion matrix.

The models demonstrated that, solifluction and scree
slope development are the dominant hillslope processes
acting on these landscape, showing just how useful its
application can be for assessing the impact of a warming
arctic on the future spatial extent of

petiglacial/permafrost  related  landforms.  Fluvial
landforms were more consistently difficult to separate.
We successfully used the classifier in Saviukviayak as in
Ringdalen and Endalen, it suggesting that processes that
generate similar topography, regardless of the specific
geography, govern landforms in Arctic mountains.
Furthermore, the success of the classification actross
mountains that form in different climatic and tectonic
settings, although with similar lithologies, suggests that
topography can provide a useful first-order tool for
understanding the distribution of Arctic landforms.

Model's mapped landforms
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Figure 3. Saviukviayak confusion matrix. ‘Nan’ represents
landforms not mapped by the authors.

Conclusion

Our generalised classification model successfully
classified multiple periglacial landforms across different
geographic regions.
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Abstract

The article analyzes the landscape dynamics of Zapolyarnoye gas field (Western Siberia). Based on the analyses of
Landsat images spanning more than 30 years, changes of indicator parameters (area of lakes, antropogenic disturbances,
burnt lands) were estimated and compared with climate changes. The area of thermokarst lakes increased depending on
the growth of precipitation. There is no evidence of extensive thermoerosion processes that indicates a low level of
ground ice and the insufficient transformation of thermal regime.

Keywords: West Siberia; forest-tundra zone; landscape dynamics; Zapolyarnoye field; satellite images.

Introduction

The changes of geocryological conditions often occur
under anthropogenic influence. Disturbance of
vegetation leads to transformation of the thermal regime
of soils, activation of thermal erosion. Therefore, it is
extremely important to determine the degree of
disturbance of permafrost zone landscapes in areas of
intensive industrial impact.

Zapolyarnoye gas field is being developed since 2001
and nowadays it is the largest in Russia by amount of gas
production (http://www.gazprom.com). It is located at
Pur-Taz watershed, the north of Western Siberia (Fig.1).
According to the georcyological zonation, Zapolyarnoye
field is located at the south of continuous permafrost
zone.
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Fig.1. Study area

On the site chosen for the study most of facilities of
the Zapolyarnoye field are located, as well as various

types of undisturbed ecosystems. The objective of this
study was to examine trends of landscape dynamics and
to assess of possible future changes in geocryological
condition under the anthropogenic impact and influence
of climate changes.

Materials and methods
The study was carried out by remote sensing methods
by processing of multispectral Landsat satellite images
taken during the 1973 — 2016 mid-summer season
(https:/ /landsatlook.usgs.gov). ENVI 52  softwate
package was used for the image processing.
Determination of landscape dynamics was carried out
using indicator objects that are easy to recognize on
satellite images. We calculated the area of thermokarst
lakes, burnt lands, anthropogenic disturbances. Then,
the changes in the area of indicator objects were
compared with the dynamics of climate parameters, such

as precipitation and mean air tempetature.

We were also interested in how peat fires affect
vegetation and geocryological condition. The tundra
fires may induce widespread thaw subsidence of
permafrost terrain (Jones et al., 2015). The change in the
thermal regime of soils can be estimated by the change
of phytomass. Based on the assumption that the
greenness of the scene is a good indicator of thermal
regime stabilization, we have calculated average values of
the normalized difference vegetation index (NDVI).

Results and discussion

Dynamics of lakes

The dynamics of lakes are often used to assess
changes in geocryological conditions. The analysis of
satelite imagery reveals a widespread decline in lake
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abundance and area in the Siberia; and spatial pattern of
lake disappearence strongly suggest that thawing of
permafrost is driving the observed losses (Smith e al,
2005). It was noted that in West Siberia drainage of lakes
was most active in the southern tundra and forest-tundra
(Bryksina & Kirpotin, 2012).

However, the results of images processing revealed
that the area of lakes in Zapolyarnoye field has
increased. In 1973 lakes occupied 2.5% of the territory
of the site, but in 2016 it was 3.5% (Fig2). A
comparison with the meteorological data showed that
the total atea of lakes (% of terrain) correlates with
precipitation during the previous half-year (r = 0.57).
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Fig.2. Area of lakes and the total amount of precipitation
during the previous half-year

A more detailed examination of satellite images
revealed the appearance of lakes as result of flooding of
previously drained thermokarst lakes and sand pits.
Thus, the changes are not generally linked to permafrost
degradation processes.

Dynamics of vegetation after fires

The processing of Landsat images showed that fire is
the one of the prominent disturbance factor. Overall, the
satellite images show that in the period of about 45 years
over 17% of this area was burned.

The rate of vegetation recovery and stabilization of
thermal regime of the ground depends on the area of the
fire. Large-scale fires (several thousand hectares) stay
visible on the satellite images of 20 years or more. Fires
significantly reduce values of the NDVI. However, our
observations not show widespread permafrost
degradation and associated terrain subsidence began
after the tundra fires.

72

Anthropogenic disturbances

Satellite—based measurements of disturbance indicates
that road and pipeline network, area of drill pads and gas
pumping stations has grown linearly between 1990-2007.
Total area of disturbances increased by 3800 ha (4.5% of
the territory). Disturbances and peat fires caused to
increase of dwarf birch and moss tundra area and to
decrease of lichen tundra area.

Conclusions
Drainage of thermokarst lakes, which is currently
inherent in the forest-tundra landscapes of Western
Siberia, is almost absent on this territory. Results of this

study have shown that the area of lakes showed an
increasing trend (2.5% to 3,5%) from 1973 to 2016.

Analysis of meteorological data suggests good
correlation  between lake area and increasing
precipitation.
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Abstract

Geodetic methods to measure centimeter to millimeter-scale changes using aircraft- and spacecraft deployed
Synthetic Aperture RADAR cannot ignore volume scattering. Backscatter and coherence at L-frequency and others
possess both surface and volumetric scattering. On lowland tundra underlain by permafrost volume scattering is
dominant. Measurement of the L-frequency penetration depth for evaluation of mass change (loss and transport)
through permafrost thaw-degradation with erosion is necessary. Data from the NASA Ice, Cloud, and land Elevation
Satellite Geoscience Laser Altimeter System (ICESat GLAS), JAXA Advanced Land Observing Satellite Phased Array
type L-band Synthetic Aperture RADAR (ALOS PALSAR), aircraft-deployed NASA L-band UAVSAR and in-situ
observations are employed. Collocation of ICESat GLAS exact-repeat profiles for elevation change (surface scattering)
with PALSAR InSAR Line-Of-Sight changes and UAVSAR Polarimetry Cross-Pole HHVV confirms the dominance of
volume scattering on lowland tundra and surface scattering on river channel deposits and rock outcrops.

Keywords: RADAR; SAR; Interferometry; Polarimetry; Arctic; Permafrost.
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Figure 1. Colocated ALOS PALSAR Line-Of-Sight
(LOS) change maps with ICESat GLAS elevation
change profiles (A — C) on the Anaktovuk wildfire scar
(July-Sept. 2007). Pingos are numbered P1 through P5.
Black bars on the LOS scale indicate the total error, 74
mm, of PALSAR. GLAS total error is less than 20 mm.
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Abstract

Arctic permafrost encapsulates vast amounts of methane (CH4) in subsurface reservoirs. Thawing permafrost opens
pathways for this CH4 to migrate to the surface. Identifying these pathways on a local scale is limited with regard to
spatial coverage using traditional ground based or satellite based methane-sampling methods. Here we present an easily
replicable design using only off-the-shelf cost effective methane sensor components and an Unmanned Aerial System
(UAS). Our results demonstrate the high efficiency of the design and the necessity to integrate this methodology into
environmental methane studies due to the high spatial variability of methane levels. On Barter Island, North Slope
Alaska, we identified methane pathways through thawing coastal permafrost. These pathways represent hotspots that
release significantly higher levels of methane than the surrounding areas, thus suggesting that point sampling is
inadequate in characterizing methane releases and that increasing rates of permafrost thaw may result in increasing rates

of trapped CH4 emissions.

Keywords: Methane; permafrost; UAS; pathways; North Slope Alaska; sensor

Introduction

The arctic permafrost coast belongs to some of the
most dramatically changing environments in the world.
Despite the fact that 34% of Earth’s coasts consist of
permafrost (Lantuit et al. 2012), the processes that drive
change along these coastlines are still pootly understood
(Gunther et al. 2013; Wobus et al. 2011). The combined
effect of declining Arctic Ocean summer/eatly fall sea-
ice cover, longer and warmer thawing seasons, reduced
thermal insulations, and rising sea levels allow waves to
hit the coast at higher elevations and more frequently
(Fritz et al. 2017). Erosion rates appear to be increasing
along some sections of the coast (e.g., Jones et al. 2009)
with erosion rates up to 25m/year (Gibbs & Richmond
2017). This has resulted in an annual flux of 14 Tg of
particulate organic carbon into the coastal ocean
(Wegner et al. 2015) with equal or higher magnitude of
net methane (CHj) emissions from terrestrial permafrost
(Schuur et al. 2015; Koven et al. 2011).

While it is known that thawing permafrost builds new
pathways for methane emissions, the identification of
these pathways using traditional ground based or satellite
based methane-sampling methods has been challenging
(Kohnert et al. 2017). Yet, specifically on a local scale,
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the identification of the pathways is pivotal for accurate
methane measurements. Our first results from Barter
Island, AK utilizing an off-the-shelf cost effective UAS
design, show that spatial methane distribution is likely
linked with areas of high permafrost thaw and meltwater
runoff pathways. We also present detailed instructions
on the components of the UAS to allow for ecasy
replication of the methane sensor system.
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Figure 1. Methane hotspots and major meltwater pathways
in a coastal permafrost environment on Barter Island, AK.
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Abstract

This study uses remote sensing techniques for a large-scale identification of the perennial snow patch distribution in
northern Iceland. Landsat-5/-7/-8 and Sentinel-2 images are analyzed, snow patches are classified and futrther
compared with aerial images, orthophotos and photos from field work to validate the classification procedure. The
perennial snow patch distribution of two smaller areas on Trollaskagi peninsula are presented and compared with
photos from field work. Further, the development of the changed snow patch distribution over the last five years is
determined. Overall, freely, available satellite images and the method show a great potential in mapping the snow patch
distribution.

Keywords: Perennial snow patches, remote sensing, optical satellite images, normalized different snow index, Iceland.

Introduction After pre-processing the satellite images, the images
) are analyzed by calculating the Normalized Different
In Iceland, less than eight percent of the surface seems Snow Index (NDSI) with the ratio of different bands

to be underlain by permafrost and in the last decades the
knowledge has increased (e.g. Etzelmiller et al., 2007;
Farbrot et al., 2007). At most, permafrost is not directly
observable and therefore, different indicators, e.g. rock
glaciers, perennial snow patches (PSPs) or ice-cored
moraines, are used to map the distribution of

and using different thresholds to identify snow in
shadow and distinguish between snow and clouds
(Dozier & Painter, 2004). In a further step, a distinction
of the PSPs in i) mainly avalanche ii) mainly wind and iii)
mainly permafrost induced origin is done by on the base
of topographic characteristics, e.g. curvature, slope and

permafrost. PSPs often are associated to the distribution elevation (Biihler et al., 2013).
of permafrost and to intact rock glaciers (Furrer & Fitze, ’ ) ]
1970; Haeberli, 1978; Stotter et al., 2012). Results and discussion
This study is conducted in northern Iceland, on the In Figure 1 the development of snow patches in

Trollaskagi  peninsula  (65°49'13.8"N  18°51'50.4"W). Brimnesdalur over the last five years are mapped.
About 160 glaciers, either debris free, debris covered or . » o oy

rock glaciers, have been mapped in the area (Bjérnsson,
1991).

Materials and method

The PSP classification is based on optical satellite data,
in particular Landsat-5/-7/-8 and Sentinel-2 images. The
results are compared with aerial images from the
National Land Survey of Iceland, orthophotos from
Loftmyndir ehf and photos from field work. Only few
cloud free satellite images are available that cover the
whole peninsula and therefore six small areas, spread
over the peninsula, are brought into focus. Increasing
the number of cloud free images per subarea.
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Figure 1. Development of PSPs in Brimnesdalur. The
background map is a hillshade based on a digital elevation
model (Loftmyndir ehf).

Avalanche channels, ridges and glacier at the head of the
valley are shown. In 2013, the PSPs are widely spread
and getting smaller in the last two years, e.g. in 2017 the
snow patches are one third of the distribution compared
to 2013.

The area of the snow patches is presented in Table 1., it
was smallest in 2017, but also relatively small in 2014
and 2016.

Tablel. Calculated areas of PSPs in Brimnesdalur of the last
five years are listed.

Date Area [km?]
10/09/13 1.57
20/09/14 1.07
23/09/15 1.21
18/09/16 1.04
30/08/17 0.46

An intersection of the PSPs from 2013 until 2016
determines an atea of 0.64 km?, but if the year 2017 is
included, only half of the area is identified (0.34 km?).

Furthermore, the identified snow patches are compared
with photos from field work, aerial images or
orthophotos. In Figure 2 snow patches in the Kerling
area of the last three years are compared with photos
from field trips.

Some parts of the satellite image of 2015 are covered by
clouds, however the snow patch classification is still
satisfying.

2016 2017

Figure 2. Comparison of PSP classification and photos from
field work at Kerling. A three year time series is presented: (a)
shows PSPs of 2015 based on a Landsat-8 image and (b) the
comparing photo (photo taken by Skafti Brynjolfsson), (c)
shows PSPs from 2016 based on a Sentinel-2 image and (d)
the comparing photo (taken by Hannah Prantl) and (e) shows
the PSPS of 2017 based on a Sentinel-2 image and [f] the
comparing photo (taken by Jokull Bergmann).
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Conclusion

Optical satellite data and topographic information
show a great potential in mapping and classifying
perennial snow patches. However, one problem is to get
cloud free images for the study area. The results are
compared with aerial images, orthophotos and photos
from field work to validate the mapped snow patches
and see how the analyses work. But also in this
procedure step, it is difficult to get photos and images to
compare the results to and further, the date of both
images has to be close to each other. Otherwise, snow
patches might have melted during the time gap.
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Abstract

Seasonal freeze/thaw of the active layer in permafrost landscapes induces ground heave and subsidence. The amplitude
of the deformation varies spatially depending on several climatic, topographic, geological, geomorphological and
hydrological factors. In addition, the deformation evolves temporally in relation to the movement of the
thawing/freezing front in the ground. At the regional scale, Satellite Synthetic Aperture Radar Interferometry (InSAR)
provides a valuable tool to investigate the distribution, amplitude and timing of ground deformation. In this study, we
applied the InSAR technique in the area in and around Adventdalen, Svalbard using TerraSAR-X (2009-2017) and
Sentinel-1 (2015-2017) scenes. High resolution and long series from TerraSAR-X gives a good overview of the
distribution of deformation and variability of signatures of different periglacial landforms. With Sentinel-1, time series
of heave and subsidence can be retrieved and provide information about the seasonal thawing/freezing dynamics.

Keywords: Remote Sensing; SAR Interferometry; Ground deformation; Heave; Subsidence; Active Layer Dynamics

1. Introduction & Relevance

In permafrost landscapes, the seasonal freeze and
thaw of the active layer induces heave during the
freezing period and subsidence during the thawing
period. Ground deformation related to freezing and
thawing can affect the stability of infrastructure and
slopes. Changes of ground thermal regime in a context
of a warming climate can lead to modifications in the
distribution, the amplitude and the timing of
subsidence/heave (Christiansen e 4/, 2010). In this
context, it is paramount to be able to measure the
ground surface over larger areas, and thus better
understand the relations with climatic, topographic,
geological and hydrological factors.

Satellite remote sensing provides a valuable tool to
explore large and remote periglacial areas. The use of
Imaging Synthetic Aperture Radar (SAR) is especially
suitable for measurements in the Arctic due to its
insensitivity to light and meteorological conditions, and
the little vegetation on the ground. Repeat-pass SAR
Interferometry (InSAR) can detect ground deformation
at the millimeter scale along the radar line-of-sight
(LOS) and has proven to be a valuable tool in Alpine
and Arctic periglacial studies (e.g. Lui e af., 2012).

Our research aims to exploit recent SAR datasets to
map and investigate the seasonal evolution of ground
deformation related to freeze and thaw in Adventdalen,
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Svalbard and study if it is consistent within individual,
mapped landforms.

2. Context & Datasets

The study area includes the Adventdalen valley and
adjacent valleys in Nordenskidld Land (Central
Svalbard). The area has continuous permafrost and
encompasses a large range of periglacial landforms and
variable ground ice conditions.

The project focuses on the exploitation of SAR series
from TerraSAR-X satellite (2009-2017), as well as the
recent ESA Copernicus data from Sentinel-1 mission
(2015-2017). The data are highly complementary due to
different frequency bands, coverages, spatial resolutions,
available time periods and repeat-passes.

3. Results

3.1. Distribution of ground deformation

By multi-years averaging of SAR combinations
between successive images under a chosen time interval
(22 days for TerraSAR-X, 24 days for Sentinel-1), InSAR
maps provide information about the spatial vatiation of
the ground deformation on slopes (Fig.1, zoom A: rock
glacier in Longyeardalen) and in the valley bottoms
(Fig.1, zoom B: ice-rich eolian and alluvial frost
susceptible material in  Adventdalen). The results
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highlight the complementarity of TerraSAR-X (e.g.
higher spatial resolution, see Fig.l1 zoom A) and
Sentinel-1 (better results on wet and fast moving sectors,
see zoom B).
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3.2. Time series of seasonal heave and subsidence

Using Sentinel-1 data in 2016 (May-November), time
series can be retrieved using the Small Baseline Subsets
(SBAS) method (Berardino e al, 2002). Downward
displacements (subsidence) are measured between May
and October, and upward displacements (heave) are
recorded between October and November (Fig.2).

Conclusion

The results (3.1) show potential in using InSAR for
refining  geomorphological mapping in complex
periglacial environments. The results (3.2) highlight that
InSAR can contribute to the investigation of the timing
and temporal evolution of ground deformation related
to freeze and thaw.
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Figure 2: 2016 InSAR time series using Sentinel-1 dataset detecting heave and subsidence of up to 7 cm in parts of the valley
bottom where ice-rich eolian frost susceptible sediment is located. Orange-red colors: increase in the distance sensor-to ground
(subsidence or/and westward displacements); blue colors: dectease (heave and/or eastward displacements).
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Abstract

Permafrost in Northwestern Canada, where air temperature is increasing at nearly twice the global average rate, is
commonly ice rich. Therefore, the climate trend, compounded by associated changes in precipitation, ice/snow covert,
wildfire regimes, and vegetation, has substantial implications for permafrost stability. Innovative monitoring strategies
are needed to track long-term environmental change, assess permafrost sensitivity and improve our understanding of
how intensifying permafrost processes are transforming the landscape. Differential interferometric synthetic aperture
radar (DInSAR) is a remote sensing technique that can detect centimeter scale displacements in elevation. The goal of
this project is to evaluate the accuracy of RADARSAT-2 DInSAR products using fine-scale geomorphological maps
and field-based studies, in combination with additional remote sensing tools to explore permafrost terrain sensitivity

and process.

Keywords: DInSAR, permafrost, climate change, subsidence, geomorphological maps, unmanned aerial vehicles.

Introduction

Northwestern Canada is one of the most rapidly
warming regions on Earth. Changes in air temperature,
precipitation, ice/snow cover, wildfire regimes, and
vegetation all have substantial implications for
permafrost stability. Evaluating landscape change
associated with geomorphologically obvious processes
such as retrogressive thaw slumping is now common,
but such features are limited in extent. Conversely,
terrain subsidence is expected to be the most widespread
process to transform this landscape and it is likely to
intensify. However, detecting and tracking this long-term
environmental change beyond point measurements in
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the field requires innovative monitoring strategies
developed from remote sensing methods.

Differential interferometric synthetic aperture radar
(DInSAR) is a remote sensing technique that detects
centimeter scale displacements in elevation, which can
be wused to evaluate permafrost sensitivity to
environmental trends. In permafrost terrain, the patterns
of surface displacements are attributed seasonally to
heave and settlement of the active layer, and, over longer
time-scales, permafrost degradation or aggradation as a
result of changing local conditions or climate change.
The Northwest Territories Centre for Geomatics has
developed DInSAR data (2013-2016) along the Inuvik-
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Tuktoyaktuk Highway (ITH) corridor, a new 138-km
highway over continuous, ice-rich permafrost that
traverses forest through to low-shrub tundra. Our
research goal is to evaluate the accuracy of these
displacement products using fine-scale
geomorphological maps and field-based studies.
Combined with additional remote sensing tools,
DInSAR data will then be used to examine the
sensitivity of different geomorphic terrain types to
seasonal thaw, and how terrain dynamics vary across a
climatic and permafrost ground temperature gradient.

Research Design

We will focus on 3 key areas of interest (20 km x 20
km) along the ITH where extensive ground control and
field data are available. High resolution orthophotos (50
cm) acquired in 2011 will be used to identify surficial
geological units and map permafrost geomorphic
features including riparian areas, polygonal terrain,
drained lake basins, pingos and retrogressive thaw
slumps. DInSAR displacements will be compared to
these maps to evaluate the magnitude of displacement
variation among terrain units. DInSAR displacement
data and physiographic maps will be corroborated with
field data from a network of sentinel monitoring stations
along the ITH, and the Trail Valley Creek Research
Station. Datasets will include: A) surface displacement
measured by heavemetre and from repeat unmanned
aerial vehicle derived terrain models; B) near-surface
ground temperatures; C) active layer thickness; D) soils
and surface cover; and E) climate and snow data.

Conclusions

Together this information will support a multiscale
assessment of landscape change, providing new insights
on the rate and nature of change across terrain units, and
will be valuable as a long-term monitoring tool to track
surface displacement related to seasonal thaw and
permafrost degradation. The resulting displacement
maps will provide a tool for monitoring long-term
terrain stability, evaluating infrastructure performance,
and informing regional climate-change adaptation
strategies.
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Abstract

Ice-free areas of the South Shetland Islands are highly sensitive to climate change, so their mapping and monitoring is
important. Advanced remote sensing techniques are ideal tools to carry out this task in areas that present limited and
difficult access. Satellite-borne optical data can provide good coverage at a reasonable spectral and spatial resolution;
however, complex surface characteristics within ice-free ateas are difficult to distinguish. A spectral library was
compiled, which contains 400 site-specific reference spectra of the most representative surface covers of the region.
Image-derived spectra from multispectral optical sensors were easily labelled using the reference spectra. The potential
use of the image-derived spectra is increased and can be implemented for further classification of the ice-free areas

throughout the South Shetland Islands.

Keywords: Spectral library; VISNIR; Multispectral, Surface characteristics; Antarctic ice-free areas

Introduction

Nowadays, the majority of glaciers and snowfields are
retreating and the permafrost is melting in the northern
Antarctic Peninsula region, leading to large-scale changes
in surface hydrology and affecting ecosystems
(Bockheim et al, 2013). Periglacial processes and
landforms together with the presence of permafrost are
relevant geomorphological elements in ice-free areas of
the South Shetland Islands. Since ice-free areas ate
highly sensitive to climate change, their mapping and
monitoring is important. This can be carried out with
advanced remote sensing techniques (Lopez-Martinez et
al., 2016).

The application of data from optical sensors can
enhance the information obtained from these areas
(Vieira et al., 2014). However, to identify and better
understand the spectral features obtained with optical
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multispectral sensors, it is important to have reference
spectra using VISNIR spectroscopy for calibration and
validation purposes. The objective is to compile a site-
specific spectral library to characterize and monitor
surface covers within ice-free areas of the South
Shetland Islands and using satellite- borne multispectral
data to identify image-derived spectra.

Materials and methods

Data sources include detailed field spectroscopy and
related field observations, laboratory spectroscopy and
satellite-borne multispectral data for the ice-free areas of
King George Island (Fildes Peninsula) and Livingston
Island (Hurd Peninsula). Field data wete obtained during
several expeditions over the past 15 years, the most
recent during the austral summer of 2016/2017.
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Field and laboratory spectroscopy data were acquired
with an ASD FieldSpec3 instrument under natural and
controlled conditions, respectively. The data were
preprocessed and then compiled into a georeferenced
site-specific spectral library. Multispectral data were
obtained from Sentinel-2 sensor data, acquired on 23
January 2017, to cover the areas of interest. A pre-
processing of the data included radiometric, atmospheric
and geometric calibration.

Spectral  information was extracted from the
multispectral data and a pool of image-derived spectra of
specific surface covers was obtained. These spectral
features were identified and validated using information
from the site-specific spectral library. The library is part
of a georeferenced database using a GIS support system.

Results

The site-specific spectral library contains a total of 400
spectra representing gravel and sand deposits often
associated to present day and Holocene raised beaches,
colluvium deposits; surface pavements, stone fields and
patterned ground; glacial deposits and rock outcrops;
vegetated surfaces with lichens and mosses; and snow
and ice covers. 115 spectra were taken in natural
conditions and the remaining were taken in the
laboratory in controlled conditions. Each surface cover
taken in the field was selected that is representative for

upscaling to the satellite resolution (Figure 1).
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Figure 1. Soil cover spectra obtained from different
locations on Fildes Peninsula (King George Island).

Examples of image-derived spectra were identified for
different surface covers using Sentinel-2 (Figure 2).
These spectra were identified according to field
observations and were verified with the site-specific
spectral library. Once the initial image derived spectra
are labelled, they are then implemented in a selected
classifier of preference for producing distribution maps.
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Figure 2. Image-derived spectra from Sentinel-2 data.

Conclusion

The compilation of the spectral library is a useful tool
for identifying different surface properties throughout
the region. Labelled image-derived spectra using
multispectral data are of advantage for classification
purposes in areas that present limited and difficult
access. Initially the library contains 400 spectra, but the
work is ongoing with further spectra expected to be
included.
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Abstract

Permafrost areas are subject to intense freezing cycles and characterized by remarkable surface displacement. Within
the ESA GlobPermafrost project we are using Sentinel-1 InSAR data to analyze the surface displacement over several
cold spots in the Arctic and Antarctica. In this contribution we will discuss the processing approach, show selected
Sentinel-1 summer subsidence maps and time-series of motion with sampling intervals of 6 to 12 days, and introduce

the ongoing validation activities.

Keywords: Surface deformation; Sentinel-1 SAR interferometry; Arctic; Antarctica.

Introduction

Low-land permafrost areas are subject to intense
seasonal freezing and thawing cycles and, due to phase
changes from ground ice to liquid water, are exposed to
surface deformation processes. Thaw subsidence of the
active layer at the surface in summer is followed by frost
heave during refreezing in winter. Domination of one of
the processes in a long term may result in significant
changes of the Earth surface and can be a direct measure
of permafrost change.

SAR interferometry (InSAR) has been applied in the
past to measure surface deformation over permafrost
during thawing seasons (Liu e# al, 2010; Short et al;
2011; Strozzi et al., 2012) and to derive remotely sensed
active layer thickness (Shaffer ez al, 2015) using in
patticular satellite SAR data of the ERS-1/2 SAR,
ALOS-1 PALSAR-1, TerraSAR-X and Radarsat-2
sensors. Nowadays, the Sentinel-1 mission represents
the newest approach to SAR mission design with
acquisitions regularly available over all polar areas every
6 to 12 days. We use Sentinel-1 SAR data to monitor
subsidence in several cold spots regions in the Arctic
and Antarctica (Fig. 1).
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Figure 1. Study areas.

Sentinel-1 SAR Interferometry

Our  investigations based multiple
interferograms acquired during the summer season.
Stacks of Sentinel-1 images are built in the two summer
seasons of 2016 and 2017 in order to provide consistent
series of interferograms with 6 to 12 days time intervals,
which show good coherence under snow-free
conditions. Yearly Sentinel-1 interferograms from the
end of the summer do also show a sufficient level of
coherence to link data from the two years.

are on

Our InSAR processing sequence includes the co-
registration of the single-look complex Sentinel-1
images, the computation of interferograms in series and
over one year at the end of the season, the removal of
the topographic-related phase with use of an external
Digital Elevation Model (usually TanDEM-X), adaptive
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filtering, phase unwraping, computation of summer
cumulative displacement maps and time series of
movement via short-baseline InSAR (Werner et al,
2012), and terrain-corrected geocoding.

Results

Sentinel-1 interferograms acquired every 12 days from
14 June to 12 October 2017 were used to compute a
map of the averaged displacement rates in the satellite
line-of-sight direction for Teshekpuk ILake (Alaska)
(Fig. 2). As suggested in Liu ez a/. (2010) floodplain areas
were picked-up as reference. A temporal series of
displacements on a selected location (Fig. 2) indicates
that subsidence during the thawing season is occurring
rather quickly, in early summer, with maximum
displacements of more than 5 cm. Cross-validation with
in-situ information is ongoing.
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Abstract

Widespread thawing of permafrost in the northern Eurasian continent cause severe problems for infrastructure and
global climate. We study two potential areas in Sibetian atctic, one of the test site is the Kytalyk area
affected with recent inundation of the Indigirka river in July 2017 resulted in standing surface water for the period over
a month. The wet soil and standing water may cause changes in active layer thickness and influence the
thermal regime of the permafrost for the next decades in the region. The other test site is Yamal peninsula with
recently CH4 emitting craters which may start to contribute to emission hotspots. We hypothesize that these deeper
subsurface processes also can be detected by mapping surface elevation changes using advanced SAR techniques.

We test the potential of SAR imagery to enhance detection of these features in the Siberian lowlands of the northern
Eurasian continent at two test sites. We use InSAR time-series analysis to detect seasonal surface movement related to
permafrost active layer changes.

Keywords: Siberian arctic, permafrost, SAR, InSAR.
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Abstract

Surface water dynamics are an area of critical concern worldwide, in regions where permafrost exists perennially
frozen ground can have unique affects in modifying where water in present on the landscape in both space and time.
We contrast the ability of several global products which quantify surface water dynamics from 1985 to 2015 using
Landsat data in permafrost regions. The first is the European Commission Joint Research Centre's Global Sutface
Water Explorer. The second is the Deltares Aqua Monitor. Both products are limited for use in permafrost regions due
to data availability in parts of the Siberian plateau and Kolyma where Landsat coverage begins in 1999 and 1995
respectively. Our results summarize the trends from each of the datasets in relationship to pan-Arctic permafrost
distribution. The analysis includes the general limitations of each product and identifies key areas which need to be
addressed in validating these products.

Keywords: hydrology; remote sensing; permafrost; pan-Arctic
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Abstract

Satellite remote sensing and geophysical surveying were proven to be effective for sampling of surface and subsurface
properties in permafrost landscapes. Using both techniques synergistically is the long-term goal of the project. Our
approach focuses on the up- and down-scaling and coupling of space-borne remote sensing data (e.g. DEM, SAR,
MSS), airborne (e.g. GPR, Laserscan, Hyperspectral), and in situ data (e.g. GPR, ERT) for the area wide detection of
the active layer thickness (ALT) and the identification of interconnections between the bio-, pedo-, and hydrosphere.
The contribution highlights the initial analyses of aitborne GPR data (2016), TanDEM-X DEM (2011/2012), and
PoISAR time series data (2016/2017) for sites in Northern-Canada. First outcomes show promising results on: (1) a
remote estimation of ALT via aitborne GPR, (2) high resolution and atea-wide modelling of the hydrographic setting
via the TanDEM-X DEM and (3) characterization of seasonal land surface variations via polarimetric Sentinel-1 data.

Keywords: Airborne; Ground Penetrating Rader; Sentinel-1; Active Layer; TanDEM-X; Canada

Introduction & Project Summary composition (type, height, and biomass) will be
conducted. Data of space-, air-borne, and in situ

The investigation areas are located in Northern- mapping will then be studied in multivariate statistical

Canada along a north-south transect from the Richards

} i ) ; analyses.

Mountains to the Tuktoyaktuk Peninsula, including the ..

Mackenzie Delta Region. The environmental setting Preliminary Results

comprises boreal and tundra ecozones; discontinuous The aitborne Ground Penetrating Radar, which will
and continuous permafrost, and mountainous and be operated during the flight campaign in 2018, was
lowland landscapes (Burn & Kokelj, 2009). The site was already tested for land applications over selected sites in
object of previous studies (Ullmann ¢ al, 2014; 2016. The analyses of the recorded data showed that
Ullmann et al., 2017a; Ullmann ef al., 2017b) and a variety picking of the boundary between frozen and unfrozen
of space-borne remote sensing products is/will be ground was possible. It is expected that this method will
available (Table 1). These datasets will be used to build a allow determining the ALT remotely in high detail with a
comprehensive  geodatabase  of  the  environmental vertical accuracy of few centimetres. Detailed knowledge
conditions on different spatial scales. Additionally, on the ALT will support a comprehensive ecosystem

airborne data (Table 2) will be acquired during the flight analysis; e.g. coupling of ALT with the slope position, or

campaign SMART in summer 2018. These data will be the shrub density (obtained from in-situ and space-borne
predominately used to link in-situ data (Table 3) with the data).

space—borne remot.e sensing products. In s1vtu field work Further, the TanDEM-X DEM supported the
will be conducted in 2018 and 2019 and will take use of mapping of the geomorphology and the modelling of
ground-based GPR, and ERT. Both methods were the hydrography. Using the DEM and morphometric

proven to be effective for the characterization of the . . . L
. . . . features, like the multi-scale topographic position indices
subsurface composition, including the active layer ; . .
(Lindsay ez afl, 2015), it was possible to generate a

thickness (Hauck and Kneisel 2008). Additionally, the general classification of the land form ensemble and to

recording and mapping .Of the soil moisture, of _the model the hydrographic setting. Exemplarily, the DEM
hyper-spectral surface signature, and the vegetation
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was successfully applied to delineate the watersheds of
the thermokarst lakes and to investigate the catchments
and the potential run-off.

Further, the polarimetric SAR data (PolSAR) of
TerraSAR-X, ALOS, and Sentinel-1 were investigated
for selected sites in order to test the sensitivity of the
sensors to the surface properties, e.g. land cover. The
results revealed that X- and C-Band PolSAR data show
sensitivity to shrub and herb dominated tundra via
differences in the HV channel linked to volume
scattering intensities. Further, the data helped to identify
the wetland vegetation unique polarimetric
signatures. Beyond this seasonal variations of the
Sentinel-1 PolSAR signal were investigated and related
to freezing, thawing, and flooding events.

via

Table 1. Space-Borne Remote Sensing Database

Sensor Type  Resolution Purpose
surface movements

- * < >
TerraSAR-X SAR 10m land coverage, biomass
surface movements

. < >
TanDEM-X SAR 10m land coverage, biomass
TanDEM-X DEM  <15m topography, hydrography,
Mission geomorphology
ALOS SAR*  <30m moistute, land coverage,
surface movements

ALOS.2 SAR® <20m moistute, land coverage,
) surface movements
Sentinel-1 SAR* <15m surface movements,
land coverage, biomass

land coverage,

MODIS MSS <500 m land surface temperature,
biophysical parameters

land coverage, land surface

Landsat MSS <30m temperature, biophysical
parameters

Sentinel-2 MSS  <60m land coverage,

biophysical parameters

SAR=Synthetic Aperture Radar; MSS=Multispectral Sensor System;
*including polarimetric (PolSAR) and interferometric (InSAR) applications.

Table 2. Air-Borne Remote Sensing Database

Instrument Resolution Year Purpose
Hyperspectral land coverage,
. 2013 . )
and Optical <3m 2018 biophysical
Camera parameters
topography,
Laser Scanner <3m 2018 hydrography,
geomorphology
Ground
Penetrating <15m 2016 active layer thickness
Radar 2018
Thermal <5m 2018 land surface
Scanner temperature
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Table 3. In-Situ Geophysical Database

Instrument Resolution Year Purpose
Resistivity 2018 active layer thickness,
. <2m subsurface
Imaging 2019 iy
composition
2018 permafrost table,
Logger Data - <0.5m 2019 moisture
Ground
. 2018 . .
Penetrating <2m active layer thickness
2019
Radar
2012* topography,
In situ 2013" geomorphology, land
. <5m .
mapping 2018 coverage, moisture,
2019 biophysical parameters
"Land Cover Mapping
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Abstract

We report on recent developments and breakthroughs in remote sensing of the ground thermal regime. Data
assimilation techniques offer the possibility to ingest a range of remotely sensed data sets in permafrost models, thus
strongly improving the results compared to simulations based on e.g. atmospheric model date. We discuss the feasibility
of future “permafrost reanalysis” products, exploiting the information content of various satellite products to deliver
the best possible estimate for the permafrost thermal state over a range of spatial scales.

Keywords: active layer, thaw progtression, remote sensing, modeling, MODIS, Sentinel-2, data assimilation

Introduction

With current remote sensing technologies, it is not
possible to directly infer thaw depths from space-borne
platforms. However, operational satellites provide dense
time series of a range of variables which are intimately
related to the ground thermal regime and the seasonal
ground thawing. Assimilation of these data sets in
numerical permafrost models can strongly constrain the
uncertainty and drive model results towards reality
(Trofaier at al., 2017, Westermann et al., 2015a). In the
SatPerm and ESA GlobPermafrost projects, such
techniques have been systematically developed and
explored for a range of spatial scales. Here, we focus on
transient approaches based on the CryoGrid model suite
which can deliver the seasonal thaw progression and
ground temperature development in the uppermost
meters.
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Results and Discussion

First, we explore transient modeling of ground
temperatures driven by remotely sensed LST, snow
extent (SE) and snow water equivalent (SWE). Hereby,
satellite-derived SWE clearly constitute the “bottleneck”,
with spatial resolutions of 25km and large uncertainties
in mountain and tundra areas. Using the CryoGrid
permafrost models for a site in N Siberia, we show that
the simulated thaw depth is significantly less affected by
shortcomings in the SWE input compared to ground
temperatures, so that a satisfactory representation of
thaw progression and maximum thaw depth is indeed
feasible. However, information on  subsurface
stratigraphies including the distribution of ground ice is
required to achieve this accuracy which is currently not
available from remote sensing products alone.
Furthermore, we demonstrate that excess ice thaw can
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be represented by simple modifications of the CryoGrid
model physics (Westermann et al., 2016).

The availability and quality of satellite-based SWE
retrievals is a strongly limiting factor, which precludes
application of the method in many permafrost
environments, in particular mountain and coastal areas.
Aalstad et al. 2017 recently demonstrated a method
based on advanced data assimilation techniques that has
significant potential to overcome these limitations. It is
based on back-calculating the amount and spatial
distribution of SWE from the time of snow
disappearance, which is accessible satellite-based
products of “fractional snow-covered area” (fSCA).
fSCA is derived from the surface reflectance in the VIS
and NIR spectral ranges, and a whole range of satellite
sensors can deliver this variable at spatial resolutions of
1km (MODIS) or even 20-30m (Sentinel-2, Landsat),
thus opening fascinating opportunities for high-
resolution modeling of the ground thermal state.

We present and evaluate a range of possible schemes,
from “magnifying glass” - like approaches that could
reproduce the measured ground temperatures at
borehole sites, to larger-scale algorithms that represent
the spatial variability of the thermal regime in terms of a
probability density function.
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Abstract

Land surface temperature is a key factor relating to permafrost. Based on the RS and GIS methods, the land
surface temperatures in the high latitude permafrost region of China are investigated. Especially, the cities and
towns are focused. The Mohe County and its surrounding areas have been taken as study area. Spatiotemporal variation
characteristics and the influencing factors of the land surface temperature over the study area in different seasons in
2015 were analyzed. There were 79.02% of the land surface without plants in winter because of abundant snowfall, and
over 80% of the land surface with high vegetation cover in summer. The surface temperature of the urban area is

usually higher than the surrounding areas, with a maximal temperature difference up to 6.37 ‘C in summer. In winter,
the land surface temperature significantly correlated with elevation, with an averaged land surface temperature gradient

of 2.27 C per 100 m.

Keywords: permafrost regions; cities and towns; land surface temperature; remote sensing; temperature inversion; heat

island effect

Introduction

As a major component of the cryosphere , permafrost
is sensitive to global climatic change and human
activities (Gruber, 2012). Compared to air temperature,
land surface temperature (LST) is more suitable to
reflect the up-boundary conditions of permafrost
(Hachem et al., 2009; Zou et al, 2017). With the
development of infrared remote sensing technology, an
increasing number of LST products derived from
different satellite images have been applied to global and
regional permafrost distribution research (Kiib, 2008;
Langer et al., 2010; Westermann et al., 2015).

So, the Xilinji Town, Mohe County of Heilongjiang
Province and its surrounding areas have been taken as
study area. The land use type was gained from the
Landsat Satellite images based on the RS and GIS
techniques. Spatiotemporal variation characteristics and
the influencing factors of the land surface temperature
over the study area in different seasons in 2015 were
analyzed to clear the LST spatiotemporal variation
characteristics in order to pave the way for further
studies, such as permafrost distribution prediction and
mapping.

Study Area and Methodology

The Xilinji Town, Mohe County of Heilongjiang
Province and its surrounding areas have been taken as

study area. Mohe County, the northern tip of China, is
located in the southeastern edge of the Eurasian
permafrost zone. The maximum thickness of permafrost
is 50 — 100 m. The annual average air temperature is
about -4.2 °C. The climate warming tendency rate is
0.34°C per decade during the past 56 years. As the
biggest town in Mohe County, the atea of Xilinji town
has increased from 5.74 km? in 1987 to 8.74 km? (in
2012) after the reconstructing by 1988. The urban
population has grown from about 25 000 residents in
1992 to more than 41 000 in 2011. This work take
advantage of two types of remote sensing data: MODIS
LST products (MODLT1M) and Landsat Satellite
images. Methods used for LST investigation in this study
include land use type interpretation and LST retrieval.

Results and Analyses

Land use change
Table 1. Transfer Matrix of Land Use from 2000 to 2015
Construction Total of
Land type  Water land Unused  Forest Lawn 2015
Water 9.23 0.62 0.00 0.16 4.44 14.45
CO”?;;“J“O” 0.89 20.73 017 007 1830  40.16
Unused 0.09 0.62 16.64 0.00 81.09 98.45
Forest 0.29 0.07 0.00 37.35 29.62 67.33
Lawn 1.58 6.09 1.54 14.43 445,97 469.61
T(z)ga(:OOf 12.08 28.14 18.34 52.01 579.43 690.00

With the development of the county, the area of
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construction land and bare soil significantly increased.
From 2000 to 2015, the construction land area jumped
to 40.16 km? from 28.14 km?, 43% increasein 15 years.
This speed of urban development is much faster than
most of cities and towns in permafrost regions in the
world.
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Figure 1. The spatial distribution of NDVI in the study area in
winter (A) and summer (B), 2015
There were 79.02% of the land surface without plants
in winter because of abundant snowfall, and over 80%
of the land surface with high vegetation cover in
summer.
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Figure 2. The spatial distribution of retrieved LST in the study
area in winter (A) and summer (B), 2015
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Figure 3. Monthly mean LST from MODIS products in 2015
The spatial distribution of LST obtained from two
types of remote sensing data showed same trend. LST of
the urban area is usually higher than the surrounding
areas, with a maximal temperature difference up to
6.37 C in summer. In winter, LST increase as elevation
rise.
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Figure 4. The relation between LST and elevation

In winter, the land surface temperature significantly
correlated with elevation, with an averaged land surface
temperature gradient of 2.27 C per 100 m. Besides,
NDVI was negatively related to land surface
temperature; the surface temperature of different use
types was from low to high order of water-forest-lawn-
unused land-construction land.

Summary

Land surface temperature is closely relate to the
distribution of permafrost. It is found that the land
surface temperature of study area has significant
inversion in winter and the urban heat island effect
exists all year round by analyzing the remote sensing
LST data, which is informative for permafrost mapping
and permafrost modelling of this area. Therefore, it can
be inferred that the urbanization is one of the important
factor that cause permafrost degradation in urban area.
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Western Europe witnessed repeated phases of southward permafrost development during the Pleistocene,
which impacted severely the ground and the biosphere. Although reconstructing palaco-permafrost with
accuracy is of paramount importance for a wide range of topics, including the genesis of mid-latitude
landscapes, aquifer recharge, and the distribution of glacial refugia for vegetation and animals, a debate still
exists about the maximal extent during the Last Glacial since field-based approaches hardly fit with
simulations provided by Global Climate Models. In the mid-latitude mountain regions, the extent of
permafrost on the forelands as well as the nature of glacier-permafrost interaction during the LGM are of
critical importance but difficult to constrain. Fundamental information on past climatic conditions in these
areas can be gained from study of the spatial pattern of the extensive mountain permafrost during the
Lateglacial and Holocene. This session will highlight improvements in field mapping, proxy analyses and
climate models, as well as innovative approaches such as ground temperature reconstruction through the
analysis of water oxygen isotopes and dissolved noble gases in aquifers. The chronology of permafrost
development and degradation also raises a lot of questions that will be addressed during this session.
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Abstract

The article presents the results of complex research and assessment of the possibility of forming a crater on the
Yamal peninsula. The origin, conditions of formation, forms and character of cryovolcanism occurrence based on the
obtained data and modeling is determined. Reconstruction of the cryogenic eruption is presented.

Keywords: Yamal crater, modeling, cryovolcanism

Introduction

Multiple research work to study and estimate the
possibility of crater formation on the Yamal Peninsula
(ING9,970965 E68,369575) was carried out in June 2015.

The authors believe in the cryogenic origin of the
object with formation associated with cryovolcanism.
Cryovolcanism is the formation of craters due to ground
explosion and the eruption of soil material as a result of
long-term freezing of water-gas saturated ground in a
closed system (in a permafrost environment on the
Earth and other planets).

Methods

Field works included: detailed surveys of the territory;
drilling boreholes up to 20 m to study cryogenic
structure and sampling for physical and mechanical
properties; thermometric measurements; topographical,
geochemical and geophysical works.  Sampling of
surface water, frozen and thawed soils was conducted,
methane and carbon dioxide content was measured in
boreholes with field analyzers. The content of macto
components, microelements, gases in frozen soils and
gases adsorbed by clay matter as well as radiological
measurements were made in the laboratory. The analysis
of  high-resolution satellite images and aerial
photographs was carried out. Modeling of processes of
heat transfer in the soils was calculated by numerical
simulation.

Results

The crater is located in the marginal part of the
flat boggy bottom of the ancient lake basin (around 400-
500 m in diameter) at I1I marine terrace At the moment
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of explosion, the crater had a diameter of about 17-20 m
and the depth of at least 50 m (Leibman & Plehanov,
2014). The thickness of the frozen soils that formed the
cap of the freezing talik at the time of its destruction was
from 7 to 9 m.

Analysis of satellite and aerial photographs of different
years (1969, 2012-2014) show that there was a large
mound with average height of 8 m and diameter of
50 m. The destruction happened at the end of the winter
2014.

The cryogenic structure of frozen soils is highly
variable both laterally and with depth (Khilimonyuk e @/,
2016) and is characterized by strong dislocation of soils
(cryoturbation) and the presence of injection ice (fig.1)

Fig.1 Yamal crater. Layer of injected ice 1nslde the cratef.

[ .

Particularly "warm" conditions (ground temperature
near —1.0° C) occur at the edge of the mound while it is
from —4 to —5°C in the surroundings, and from -1 to —
3°C in the bottom of the lake basin.
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Discussion

As a result of solving a series of thermal problems, it
was established that the talik could be formed during the
reduction of the lake which ensured intensive lateral
freezing of the talik for 1 to 2 thousand years.

To destruct the frozen talik cap the pressure in the
upper part of the talik had to be from 1 to 1.2 MPa
based on the calculations.

The gas component in frozen ground and ice shows
high percentage of carbon dioxide (10-20%) and
dihydrogen (up to 3%) and a relatively low methane
content of 2-3%. Chemical and isotopic composition
does not correspond to the reservoir gas of the deposit
and is of bacterial origin.

The freezing talik before the explosive destruction had
a complex structure: in the lower part the mineral
component (thawed soil) prevailed. Above there was a
water-ground mixture with the predominance of a liquid
represented by a solution of gases (mainly, carbon
dioxide) in water. The gaseous cap could be formed at
the top of talik. Freezing from above led to the
formation of porous ice, filled with a large number of
gas bubbles of different sizes.

Large amount of dissolved CO; in the liquid phase
inside the talik can be explained by the unique
mechanism of cryogenic separation of gases. During the
all-round freezing of the initial talik, the moving freezing
front of the soils pushed the gas and the water (partly) to
the talik center. When the water froze, expulsion of the
dissolved gas mixture occurred. Part of the gas formed
bubbles in the ice, and highly soluble components of the
gas mixture (primarily CO,) dissolve in the liquid phase
inside the talik. This mechanism can lead to a radical
change in the composition of the dissolved gas in the
residual talik and may cause the accumulation of a large
amount of dissolved CO; in the thawed core of the
pingo.

With increasing internal pressure and gas saturation of
water, the freezing point is significantly lowered. the
Freezing point of the solution saturated mainly with
carbon dioxide at a pressure of 1 MPa is —1.4°C. This
can have important geocryological consequences, since
the freezing temperature of the talik can become lower
than the mean annual temperature of frozen soils in the
in the surrounding area (which is —1°C). The pressure
in the lower part of the talik, according to the
calculations, exceeded 1.5 MPa, which was sufficient to
form stable carbon dioxide gas hydrates.
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Conclusion

Cryogenic eruption was triggered by thermal
contraction cracks (ice wedges) in the frozen cap and
involved several stages.

In the first stage (that lasted for 5 to 10 seconds) the
outgassing occurred mostly from the upper part of the
talik: the gas was released through cracks and expanded
adiabatically. In the second stage (hydraulic stage) that
lasted for few hours, water was outpouring and
degassing leading to explosive upward migration of the
gas-water mixture. The last stage (from 5 to 25 hours) of
unfrozen soil eruption happened when gas was released
either from pore water in unfrozen soil or from
decomposed carbon dioxide hydrates.
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Abstract

A coupled model of ice flow and permafrost is used to study how permafrost may have affected the thermal state of
the base of the ice during the advance of the Rhine Glacier in the Swiss lowlands at the Last Glacial Maximum.
Documented permafrost buildup north of the Alps at the Last Glacial Maximum may have delayed temperate basal
conditions favorable to sliding and erosion, inhibited subglacial groundwater recharge, promoted deeper flow paths that
increased fluxes of groundwater originating from the Alps in aquifers. Studying these transient conditions is important
to understand the effects of permafrost on ice flow, glacial erosion, and groundwater flows, and how these could affect
the safety of high-level radioactive waste repositories in the event of future ice ages.

Keywords: Rhine Glacier; basal conditions; permafrost, Last Glacial Maximum.

Introduction

During the Last Glacial Maximum (LGM), climate in
the northern Swiss Plateau was cold and dry probably
due to the closed humidity source of the seasonally ice-
covered Atlantic Ocean and the blockage of meridional
moisture from the Mediterranean Sea by the Alps in
connection with a southward shift of the North Atlantic
storm tracks (Florineth & Schliichter, 1998; Luetscher e7
al., 2015). Permafrost evidenced in that area (Andrieux ez
al., 2016; Haeberli, 1983) may have reached a depth of
around 150 meters (Delisle e @/, 2003). Thus, the
maximum glacial advance at the LGM may have
occurred over frozen ground. Here we explore how
permafrost may have temporarily modified basal
conditions (temperature, sliding speed) during the
advance of the Rhine Glacier in the Swiss lowlands using
a fully coupled numerical model of ice flow and
permafrost. Knowing how long permafrost delayed
temperate-bed conditions favorable to erosion and
modified groundwater flow paths and fluxes is
important when assessing the long-term safety of
radioactive waste repositories planned in the region. The
period of concern for high-level radioactive waste is
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1 Ma, a time span during which repeated ice age
conditions are likely to occur.

Motivation and Coupled Model

LGM paleo-climate proxies from pollen records for
central Europe point towards very cold and dry
conditions (Wu et al., 2007; Duprat-Oualid e af., 2017).
Despite this climate of a cold desert, most numerical
studies and geomorphological observations indicate that
the bed of the Rhine glacier was largely at the pressute
melting point temperature, and thus ice was able to slide
over its substrate and to erode it (Cohen e al., 2017). It
is, however, unknown how the coeval development of
permafrost at the LGM affected the basal conditions
and the rates of glacial advance that led to the glacial
maxima. Was the glacier bed cold or temperate when ice
advanced over permafrost? Did permafrost build up to a
significant depth prior to ice overriding the Swiss and
German lowlands? Presumably, the glacier toe was cold
and frozen to its bed but how long did permafrost delay
temperate-bed conditions beneath the advancing ice
lobe? To answer these important geomorphic questions,
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we developed a coupled model of ice-flow/permafrost
interactions to simulate the temperature in the ice and in
the subsurface during the advance of the Rhine Glacier
at the LGM. Our simulations are two-dimensional,
following a flowline that begins high up in the
Hinterrhein region and extends to near the actual Rhine
river in north-eastern Switzerland. We solve the
unaltered Stokes equations (Gagliardini ef 4/, 2013) for
the ice dynamics and the energy balance for the ice as
well as the subsurface down to a depth of 5 km. We use
an effective heat capacity model (Anderson e# al., 1973;
Cutler ez al., 2000) for the permafrost to calculate the
temperature in the The the
subsurface are coupled at their interface via boundary
conditions for the temperature that cannot exceed the
pressure melting temperature. For cold ice below the
pressure melting temperature, basal fluxes are balanced
across the interface. At the pressure melting
temperature, the jump in fluxes is proportional to the
amount of melt water produced at the bed. The model is
run for several thousand years to explore the transient
evolution of the ice advance as a function of climate
parameters that affect ice temperature and permafrost
thickness.

subsurface. ice and

Preliminary results indicate that permafrost delayed
temperate-bed conditions by several hundred years, a
significant fraction of the time the LGM glacier
remained at or near its maximum extent, thus affecting
basal conditions and the associated geomorphic process
of erosion. Future simulations will include the effects of
the glacier mass balance on basal conditions as these are
known to affect the speed of the glacier and its thermal
structure. Complex interactions between permafrost, ice
flow and sliding dynamics, and climate are investigated
to determine what are the primary control parameters
that determine the basal conditions at the bed of the
advancing Rhine glacier. These basal conditions are also
likely to affect deep groundwater hydraulics at the
potential sites for radioactive waste repositories.
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Abstract

The examination of low-altitude aerial photographs reveals the presence of more than 400 polygonal nets in central
western Poland. Polygons range from 5 to almost 70 meters in diameter. Based on the polygons’ diameter and
intersection angles, we identified seven main types of nets geometry. Based on ground verification, we interpreted them
as past thermal-contraction-cracks, filled mostly with sand (Ze. sand-wedge casts). As favorable weather conditions and a
proper land cover (i.e. cultivated land) are necessary for identifying polygonal nets, the observed number of polygons is
probably much underestimated. The broad occurrence of former thermal-contraction-cracks’ polygons indicates that
continuous permafrost was widespread in central western Poland after termination of the Last Glacial Maximum
(LGM). Preliminary dating of the cracks’ infilling as well as polygon geometry suggest that thermal-contraction-cracking
occurred in several different phases and that a time frame of a few thousand years is sufficient to form complex, mature
nets.

Keywords: permafrost; thermal-contraction-cracks; polygons; patterned ground; remote sensing; GIS

Introduction In this study, we investigated the remote sensing
materials to detect the spatial distribution of polygonal
cropmarks. Cropmarks were later verified in the field to
demonstrate their periglacial origin. The main aims of
this study were the following: (1) to document the spatial
distribution of past polygonal nets in the central western
part of Poland; (2) to classify and analyse the geometric
types of polygonal nets; (3) to investigate the
relationship between polygon geometry and distribution,
and ice sheet recession.

Nowadays, periglacial conditions exist over a
substantial portion of the Earth’s land-surface atea;
while in the past, the area covered by permafrost was
even larger (¢ Ballantyne & Harris, 1994; French, 2007;
Gozdzik, 1995; Kitover ef al., 2016; Lindgren ef al., 2016;
Saito et al, 2016; Vandenberghe e al, 2014). Past
periglacial features constitute therefore a unique and
valuable archive, allowing for insights into past
permafrost processes as well as their relationship with
global and local environmental conditions (including
climatic conditions), so identification of permafrost Study Area
features improves the reconstructions of the Pleistocene
paleoenvironment as well as our understanding of past
changes in the climate. As thermal-contraction-cracks
reflect climatic conditions, they are also an important
source of information on ice sheet/permafrost
interactions. In this context, spatial dimension as well as
distribution and patterns of polygonal nets ate especially
important for understanding the following: (1) Coupling
of ice dynamics and climate response (McCabe & Clark,
1998); (2) Broader scale paleo-environmental changes
(Mandryk, 1996); (3) Validation of numerical models
regarding climate/permafrost interactions (Hattis ef al,
2009)

The study area is located in the central western part of
Poland. In this area, the maximum ice sheet limit during
the Weichselian has commonly been connected with the
Leszno Phase, which occurred at around 20 ka BP
(Kozarski, 1995) or 24 ka BP (Marks, 2010). The
subsequent stillstand phases were the Poznan Phase (ca.
18.8 ka BP (Kozarski, 1995) or 20 ka BP (Marks, 2010)
and Chodziez sub-phase. The study area is characterized
by moraines, till plains, and outwash plains formed
during the frontal recession of the Scandinavian Ice
Sheet from its maximum extent (Leszno Phase) to the
Poznan Phase and further to the north (Ewertowski,
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2009; Ewertowski & Rzeszewski, 2006; Kasprzak, 2003;
Kozarski, 1986; Kozarski, 1988; Kozarski, 1995)

Results

Numerous cropmarks were observed in the central
western part of Poland. Their geometry and distribution
were studied using a large number of low-altitude aerial
photographs. Based on the Field verification we
interpreted them as past thermal-contraction-cracks,
filled most probably with acolian sand (ie. sand-wedge
casts). We identified seven principal types of polygon
geometry based on the angle of the cracks’ intersection,
their dimension and spacing. Since favorable weather
conditions and proper land cover (ze. cultivated land) are
necessary for identifying polygonal nets, the number of
polygons is likely to have been considerably
underestimated.

The broad occurrence of polygons of former thermal-
contraction-cracks filled with aeolian sediments (i.e.
sand-wedge casts) indicated that continuous permafrost
was widespread in central western Poland after the
termination of LGM. However, their spatial distribution
did not allow us to fully confirm the hypothesis
regarding a gradual aggradation of the permafrost
following the retreating ice margin. Preliminary dating of
cracks’ infilling as well as polygon geometry suggest that
thermal-contraction-cracking  occurred in  several
different phases, and that a time frame of a few
thousand years is sufficient to form even complex and
mature nets
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Abstract

This work deals with the spatial distribution of Pleistocene ice-wedge pseudomorphs and morphologic features of

their networks in the area of the Czech Republic.

Keywords: ice-wedge pseudomorphs; patterned ground; the Czech Republic; Central Europe

Introduction

Patterned ground is a wide group of periglacial
landforms (Ballantyne, 2007; Washburn 1979), which
has more or less symmetrical surficial shape, such as
circle, polygon, net, or stripe. The occurrence and
structure of these landforms enable to measure the
variability and  different quality of periglacial
environment not only on a regional, but also on a local
scale (Kifzek & Uxa, 2013). Numerous patterned-
ground types (e.g. ice-wedges, large sorted polygons) are
reliable indicators of former permafrost environment
(French, 2007, Murton, 2007; Murton & Kolstrup,
2003), which highlights their palacogeographic
significance. Thus, they bring an important evidence
about evolution of permafrost aggradation/degradation
in the past and its environmental impact. This provides
important insights towards a better understanding of
present-day and future changes in contemporary
permafrost areas (Vandenberghe ez a/, 2016). Recent ice
wedges in polar zones are arranged in networks that
cover large areas, making this group of patterned ground
the most widespread periglacial landforms.

In the Czech Republic, patterned ground is located in
two different environments: in the lowlands and in the
mountainous ateas. While in mountains can be some
patterned-ground phenomena (earth hummocks and
sorted circles) considered to be recently active (Kiizek,
2016), the lowland patterned ground is preserved only in
fossil form, mostly as ice-wedge pseudomorphs. Ice-
wedge pseudomorphs have not yet been mapped
systematically in this territory. They were found and
described only due to accidental discoveries during
construction and mining operations (Czudek, 2005).
Consequently, unlike in surrounding countries (e.g.
Hungary, Poland, Germany, France, Belgium etc.), their
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evidence from the Czech Republic is largely lacking or
fragmentary (e.g. Czudek, 2005). Hence, it is timely to fill
this gap and complete the existing information with new
data and to amend and/or refine the existing Quaternaty
permafrost distribution maps at a regional or continental
scale (e.g. Lindgren e al, 2016, Vandenberghe ez al,
2014).

The aim of this work is to present a spatial
distribution of ice-wedge pseudomorphs in the Czech
Republic.

Methods

Mapping of ice-wedge pseudomorphs was principally
based on remote sensing techniques (sens# Bertran ez al.,
2014) and was validated and supplemented by published
geological reports, geophysical soundings (ground
penetrating radar and electrical resistivity tomography)
and field logging in clay and sand pits or technical
excavations.

Results and Outlook

We identified more over 700 localities in the Czech
Republic where ice-wedge pseudomorphs occur in
polygonal networks or individually (Figure 1), which
documents that permafrost extensively covered this area
during the Pleistocene. The patterns are usually found in
unconsolidated sandy or gravel substrates of river
terraces and in silty materials of loess covers. Two major
areas of ice-wedge pseudomorphs can be distinguished:
Bohemian Cretaceous Basin in the western part of the
Czech Republic and Moravian Basins in the eastern patt
of the Czech Republic. More than 4000 polygons of ice-
wedge pseudomorphs located on 50 sites were analyzed
morphologically in detail (Figure 2). Their size ranges
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from 1.8 to 31.7 m and their mean diameter is 9.5 m.
Most ice-wedge polygons are pentagonal and hexagonal.

Republic.

Figure 2. An example of a polygonal network of ice-wedge
pseudomorphs near Kostomlaty pod Ripem (N 50°20°10",
E 14°197497").

Currently, we aim to update the database further based
on the latest aerial images and field logging. We will also
determine the absolute chronology of these landforms
based on numerical dating, because their origin has been
only tentatively estimated to the Last Glacial Maximum
(Czudek, 2005).
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Abstract

We evaluated unusual laminated sedimentary units from a freshwater lake in the Canadian High Arctic and
determined that the likely formation mechanism was by seepage of permafrost thaw slurries into the lake, particularly
during the post-1950 CE period. The thaw slurry units are diffusely laminated, show no evidence of sedimentary
grading, and are enriched in Fe, Mn and CaCOs. Stable isotopic signatures of the carbonate show strongly depleted
3180 and the co-enrichment of redox-sensitive metals both suggest inorganic carbonate and metals precipitation in the
aerobic lake water. Widespread deposition of thaw slurry units in the late 20% century is accompanied by indicators of
ameliorated aquatic ecosystem conditions and increased microbial activity, all of which are consistent with observed

warming in the region.

Keywords: Permafrost, sedimentology, organic geochemistry, carbonates, stable isotopes, diatoms

Introduction

Permafrost degradation resulting from climate change

currently widespread in the Arctic, but pre-
instrumental permafrost proxy records are rare and
determining the impact of past climate variations on
permafrost remains limited. We investigated unusual
sedimentary units found in a small scour lake (MV-CC)
on Melville Island, NWT, Canada and found the
sedimentary and geochemical properties were consistent
with a permafrost thaw mechanism that is widespread in
the region and forms subsurface sediment slurries. In
this paper, we briefly present sedimentary data and our
interpretation of the formation of what we have termed
thaw slurry deposits.

is
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Results and Discussion

Lake sediment core records indicate that short
intervals of sedimentary laminate occur throughout the
uppermost sediments of lake MV-CC. Individual
laminae groups can be traced between cores located
within 3 m of each other, which units showing
depositional heterogeneity. The laminae are ungraded,
generally coarser, and contain a slight enrichment of
CaCOs (c. 1.5% compared to background values of
0.5%). Stable isotope analysis of the carbonates indicate
that laminated units are strongly depleted with respect to
3180, by as much as 15%o. By contrast, 8'3C associated
with carbonates shows minimal down-core variation.
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Sediment core uXRF scans further indicate enrichment
of Fe, Mn, Ca and Pb in laminated units.

Geochronology provided by '37Cs indicates that
laminated units were formed after ¢. 1958 CE in all cores
across the lake. Radiocarbon analyses constrain
laminated units to <500 yr BP, and in long cores
laminated units are absent in the post-glacial period (c.
11 ka BP). Multiple phases of laminae deposition are
only evident in a single core near the lake outlet, and
suggest three episodes during the past millennia.

Organic geochemistry and aquatic fossil records from
the lake further indicate enhanced microbial activity in
recent sediments and improved aquatic conditions
during the past century, but it is unclear if the laminated
units are directly associated with these aquatic changes.

Results indicate that the discrete sedimentary laminae
in lake MV-CC are unlikely to be formed by
conventional sedimentary processes involving fluvial or
shoreline sedimentary inputs. The highly heterogeneous
deposition of the laminae, and the lack of sedimentary
grading and microbial remains preclude clastic or
microbial formation mechanisms. The combination of
enhanced carbonate and higher Fe and Mn in laminated
units, together with highly depleted 8'80 in the laminae
carbonate suggest an alternative mechanism.

Given the occurrence of similar features on the
landscape in the region, we interpret the laminated units
as thaw slurry deposits, formed by slurry seepage into the
lake and  accumulation in  micro-topographic
depressions. The geochemical properties of the laminae
suggest precipitation of redox-sensitive elements (Fe,
Mn) upon entry into the aerobic lake setting, along with
degassing and inorganic carbonate precipitation.

The widespread occurrence of thaw slurry units in the
lake since c. 1950 CE suggests an association with recent
climate warming. This explanation is consistent with
biogeochemical and subfossil indicators in the lake and
elsewhere in the Arctic.

While our record suggests a recent unprecedented
occurrence of thaw slurry deposition in MV-CC during
the postglacial period, we are cautious regarding this
interpretation given the high degree of spatial
heterogeneity associated with the sedimentary deposits.
Further work is necessary to determine a mote robust
chronological interpretation and if similar deposits occur
in other lakes in the region.

The identification of thaw slurry units in lake MV-CC
indicates  the  potential for  paleolimnological
reconstruction of past permafrost thaw events. This
work will provide constraint for permafrost modelling
and testing of related environmental impacts in lakes and
aquatic ecosystems.

106

Acknowledgments

We thank NSERC and Polar Continental Shelf
Program for their support. Field assistance by H. Dugan
and K. Kathan are appreciated.



The role of periglacial processes in the formation of chocolate clays

Radik Makshaev!
Aleksandr Svitoch!
" Lomonosov Moscow State University, Faculty of Geography, Moscow, Russia, radikm1986@mail.ru

Abstract

The Early Khvalynian chocolate clays from key sections in the Middle and Lower Volga region were studied to obtain
mineralogical and geochemical data for sediment provenance reconstruction. The results show that the main clay
mineral of chocolate clays is illite. Geochemical composition of chocolate clays is characterized by high concentration
of iron oxide (Fe2O3). The potential sediment source of illite is the Pleistocene marine complex of the East-European
plain. Deglaciation after LGM and rapid melting of permafrost along with solifluction processes could predetermine the
supply of illite-rich sediments to the Early Khvalynian basin. Subsequently, illite-rich sediments were deposited under
oxic conditions and formed chocolate clays in the Middle and Lower Volga River valley.

Keywords: Chocolate clays; clay minerals; Farly Khvalynian; Late Pleistocene; periglacial processes

Introduction

During the Late Pleistocene (15-13 ka) thick mass of
clays was deposited on the territory of the Middle and
Lower Volga River region. Possible causes of formation
of these so-called “chocolate” clays were periglacial and
permafrost processes, which occurred on the territory of
the East European Plain in the ILast Permafrost
Maximum (LPM, 25-17 ka) (Vandenberghe et al., 2014).
After LPM and Last Glacial Maximum (LGM, 15-13 ka)
permafrost degradation has started in this area with
intensive solifluction processes that provided a huge
amount of fine-grained material. Glacial meltwater along
with this fine-grained material was deposited within
ancient paleodepressions in the Middle and Lower Volga
River wvalley. At that time, the Early Khvalynian
transgression, one of the largest in the Pleistocene
history, began on the Caspian Sea.

Materials and methods

The aim of this study is to determine the potential role
of permafrost processes in the formation of specific
facies of chocolate clays. We analyzed eight samples of
chocolate clays and moraine clay loam from river
outcrops within Volga River region and separated them
to particles of size <2 pm to analyze with X-ray
diffraction (XRD). Major elements of chocolate clays
were analyzed by XRF (X-ray fluotescence analysis) and
SEM-EDS (Scanning electron microscope with energy
dispersive x-ray spectrometer).
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Results

Clay minerals

Chocolate clays consist of a number of clay minerals
associations, which are presented by illite, chlorite,
kaolinite and smectite. Clay minerals of the Middle
Volga River valley are presented by illite (33%), kaolinite
(16%), smectite (28%), chlorite (17%) and mixed layers
(6%). In the Lower Volga River valley outcrop profile
demonstrates a prevalence of illite (33-48%) and
kaolinite (18-33%). Moraine clay loam from Upper
Volga region also demonstrates the prevalence of illite
(45%) and kaolinite (33%) with less concentration of
smectite (22%), while chlorite in this sample is not
detected.

Illite is a major clay mineral of chocolate clays in
Middle and Lower Volga River valley and its maximum
can be an indicator of increasing solifluction processes
and intensive erosion of north moraine complexes due
to huge runoff of glacial melt water during the
degradation of the Late Valdai (the Late Weichselian) ice
sheet. Illite formation is the result of the physical erosion
and low temperatures due to huge amplitude ranges
(Chamley, 1989).

Geochemical composition

Geochemical composition of these clays demonstrates
high concentration of iron oxide (Fe2Os) ~ 9-10 %,
which predetermines chocolate (dark brown) color of
these clays (Table 1.). Such concentration of iron oxide
can correspond to the oxic conditions of the Early
Khvalynian basin during chocolate clays deposition
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(Priklonsky et al., 1956). SEM images show that high
amount of iron oxide is concentrated on the edge
surface of clay minerals.

Table 1. Chemical composition of chocolate clays.

#Sample F6203 CaO A1203 I{zo SizO3 MgO

SB-220 8.04 4.49 18.75 2.86 61.34 2.43

SB-225 11.46 2.86 2291 3.12 70.26 1.91

SB-425 10.96 1.29 24.94 3.72 60.43 2.07

SB-450 10.03 2.03 22.64 3.47 61.01 2.02

SY-6 9.70 271 22.40 3.39 60.67 2.37

SY-8 8.96 2.51 21.80 3.33 61.27 243

SY-12 8.29 3.73 19.52 3.00 61.18 213

SY-15 8.85 3.63 21.89 3.32 61.13 2.18

TiO2, MnO, P,Os elements are not included.

Conclusion

Periglacial processes played an important role in the
supply of clay-rich sediments to the Eatly Khvalynian
basin after degradation of permafrost and the Late
Valdai (the Late Weichselian) glaciations 25-15 ka
(Svendsen et al., 2004). Consequently, this fine-grained
material was deposited under oxic conditions within the
Early Khvalynian basin and formed chocolate clays.
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Abstract

Over the past few years, the authors have compiled a database on the isotope composition of ice wedges of vatious
ages from the Kara Sea coast (Russia). On the basis of these data, winter temperatures and temperatures of the cold
period (October-May) were reconstructed for three time intervals of the late Pleistocene-Holocene: the second half of
the Kargin period about 30-26 ka (MIS 3), the Sartan period about 25-12 ka (MIS 2) and the Holocene about 5-3 ka
(MIS 1). During MIS 3, the decrease in average annual air temperatures compared to modern values was 2-4 °C, in MIS
2 -06-8 °C,in MIS 1 — 1-3 °C. To illustrate the spatial distribution of paleogeographic and palacoclimatic conditions,
schematic maps were compiled.

Keywords: paleogeographic conditions; paleoreconstructions; isotope composition; the Kara Sea region;
underground ice.

Introduction curves for the coldest month (January, T.jan), the
average temperature of the cold period (October-May,
T.cold) and average winter temperature (December-
February, T.wint).

The regression equations are the following:

T.jan = 1.128180-6.43, R2 = 0.745, 6 = 2.6,

Modern permafrost area bears itself features and
properties that were formed duting the late Pleistocene-
Holocene. Current permafrost state and estimation of
future changes can only be understood based on a study
of the geological history and paleogeographic conditions

in the past. T.wint = 1.158'80-4.6, R2 = 0.754, 0 = 2.7,
The goal of this paper is to reconstruct and T.cold = 0.8858!80-2.55, R2 = 0.674, ¢ = 2.7.
characterize the main stages and features of the The confidence interval is * 3.8 ° C.

evolution of the paleogeographic (paleoclimatic)
conditions of the Kara Sea region during the late
Pleistocene (MIS 3-2) and Holocene (MIS 1). Outcome research
To illustrate the spatial distribution of paleogeographic
and palacoclimatic conditions, schematic maps (fig.1) of

Basis of reconstruction the paleogeographic conditions of the permafrost area of

The basis of paleoclimatic reconstructions from the the Kara Sea region in the late Pleistocene-Holocene
isotopic composition of ground ice (mainly syngenetic were compiled. Four maps-schemes corresponding to
ice wedges) is the relationship between the isotope the MIS 3, MIS 2, MIS 1 and the present were drawn up.
composition of atmospheric precipitation (snow and Summer temperatures on this map were estimated from
liquid precipitation) and air temperatures (Dansgaard, station located in the same bioclimatic zone (according
1964, Rozanski et al., 1993, etc.). The formation of ice to palynological data) and having close values of winter
wedges occurs due to the ingress of snow and thawed temperatures and temperatures of the cold period. Such
water into the frost cracks. It is assumed that the ice values of summer temperatures are estimates.
retains the initial isotopic composition of atmospheric The color of the maps shows the location of the
precipitations. regions that were continental (subaerial) region, or

The collected data on the content of 3180 of flooded by the sea (subaqueous regions). The basis of
elementary ice wedges (i.e. formed presently) and the such constructions was the literature data on sea level
known temperature data on the nearest meteorological changes during the late Pleistocene-Holocene (Kind,
stations made it possible to construct the calibration 1974, Gornitz, 2009). To reconstruct the former
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coastlines of the Kara Sea paleobasin, the NOAA
bathymetric ~ interactive  database = was = used
(http://www.noaa.gov/).

' 2l |4 — 5 (46 632 72—

Figure 1. Schematic map of the paleogeographic pattern
during MIS 2 (25-12 ka). 1- territory with subaerial conditions
(land), 2 - territory occupied by the sea (subaqueous regions),
3- areas covered by glaciers, 4- modern coastline, 5-
reconstructed  average annual air  temperatures, G-
reconstructed winter air temperatures, 7 - reconstructed
summer air temperatures.

The glaciated areas are identified on the maps. The
boundaries of glaciers are plotted in accordance with
modern literature data (Gusev ¢f al., 2012).

Conclusions

The average paleotemperatures of January, Winter and
Cold periods for the time intervals MIS 1 (5-3 ka), MIS 2
(25-12 ka), MIS 3 (30-26 ka) were calculated from the
above regression equations for the Kara Sea region. The
obtained temperatures were compared with modern
meteorological station data averaged from 1961 to 1990
(climatic standard). In MIS 3 on the coast of the modern
Kara Sea, the average temperature of the cold period
was -23 to -25 °C, in Januaty -32 to -35 °C. The decrease
in the average annual air compared to modern values
was 2-4 ° C.

In MIS 2, the temperature decrease at the western
sector of the Russian Arctic, as compared to MIS 3, was
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insignificant. The temperature of the cold period
decreased by only 2 °C, and the temperature of January
by less 1 ©°C. Decrease of average annual air
temperatures compared to modern values was 6-8 °C.

The transition from MIS 2 to MIS 1 is characterized
by an increase in temperatures, both in the cold period
and in January. The decrease in the average annual air
temperatures in comparison with the modern values was
1-3°C.
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Abstract

As a type of periglacial landform, the sand wedges, usually form during dry and cold periods. One sand wedge was
found, about 1.5 m high and 0.7 m wide, in the east lakeshore of Linggo Co in the central Tibetan Plateau (TP). Three
optically stimulated luminescence (OSL) samples were collected from this sand wedge (SW) section, from the top, the
middle, the bottom of the SW. In addition, one OSL sample was collected from the sand layer which overlies the sand
wedge about 30 cm thick. We obtained ages of 0.4 £ 0.0, 1.5 £ 0.2, 1.5 £ 0.1 and 6.5 £ 0.5 ka for one sand layer and
three sand wedge samples from top to the bottom of the section, respectively. The age obtained from the sand layer
sample indicates that the sediments have been deposited during the Little Ice Age (LIA). The three ages from the SW
from that it was active about 1.5 and 6.5 ka ago, ze. during Middle and Late Holocene. During sand wedge activity, the
lake level was lower than the bottom of the sand wedge and indicates a cold-dry period.

Keywords: Linggo Co, sand wedge, OSL dating, Holocene.

Introduction

In a certain sense, sand wedges(SW) are formed under
conditions of cold climate, and controlled by
temperature, water availability, soil texture and thickness,
and the tiny terrain on the surface, ground cover (Wang
et al, 2003). They can be considered as an important
indicator for cold-arid climate condition. So, the SW and
can be used to reconstruct the paleo-climate or paleo-
environment (Wang ez al, 2003; Cui ef al., 2004; Qi et al.,
2014). The specific aim of this research is to date the
activity of a sand wedge, and discuss the climate changes
during the SW formation period, at Linggo Co lake in
QP, Central Tibetan Plateau (CTP).

Study area and section

Linggo Co is located on the west Tanggula Mountains
in the central TP with an elevation of 5059 m a.s.l. (Fig
1). The lake has a surface area of 95 km? a maximum
water depth of more than 70 m, and is mainly supplied
by meltwater from the Puruogangti ice field which is the
biggest ice field in the TP, with an area of 422.6 km?
~30 km away to the east of Linggo Co (Fig. 1). On the
east coast of the Linggo Co, one sand wedge was
discovered during shoreline field surveys on the short
wave-cut cliff, which slopes gently towards the lake,
above the modern lake level. The section runs
horizontally in an E-W direction, faces to the lake (Fig.
2, Fig. 3). Height of the sand wedge is about 1.5 m, the
apparent maximum width and the apparent minimum
width are 70 cm and 5 cm, respectively. The host
sediment of the section consisted of diamicton, unfit
for OSL dating. Therefore, no samples were taken from

111

the host sediment. Other sand wedges were not found in
this side of the lake. Probably, the more sand wedges
maybe exist, but the outcrops of the SWs were not

discovered.
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Figure 1. Location map of the Linggo Co, Puruogangti Ice
Field and site of Sand wedge on the eastern coast.

Figure 2. The section of sand wedge, Linggo Co.



5TH EUROPEAN CONFERENCE ON PERMAFROST

k250
1200
11505
~
[¢]
11003
50

Figure 3. Schematic profile of the Linggo Co sand wedge
showing sampling sections.

Materials and Methods

The OSL measurements were made using 470 nm
stimulation at 130 °C for 40 s, and OSL was detected
using a 7.5 mm thick U-340 filter (detection window
275-390 nm) in front of the photomultiplier tube.
Irradiations were carried out using a 90St/90Y beta
source within the Ris@ reader.

In this study, the combination of the Single Aliquot
Regeneration (SAR) protocol and Standard Growth
Curves (SGC) methods was employed for the
determination of the Equivalent doses (D.). Fig. 4a
shows the OSL decay curves for the samples LGC-SW-
03. The natural and dose signals decayed to the level of
the background within seconds, but the regeneration
dose needed about ten seconds, demonstrated that the
signals were mainly from the fast components and
including the medium or slow components. The sand
wedge samples exhibit a low luminescence signal
(normally in the vicinity of one hundred counts/Gy for
the 6 mm aliquots, integrated over the first 0.64s). The
decay curve of 0-Gy regeneration shows a negligible
thermal transfer signal. Recuperation was in all cases 1 %
for all samples. Recycling ratios for all aliquots are in the
range 0.9-1.1.

OSL ages of the sand wedge

The OSL result of the sand layer overlying the sand
wedge at Linggo Co is 0.4 = 0.0 ka, corresponding to the
Little Ice Age (LIA). The ages of from upper, middle
and bottom samples of the SW are 1.5 £ 0.2 ka, 1.4 £
0.1 ka, 6.5 * 0.5 ka, respectively. The results are in the
stratigraphic order. The ages suggest that the SW was
active discontinuously during the Holocene. The first
wedge was smaller than the second. The overlying layer
was deposited during the Little Ice Age (~0.4 ka ago).
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Figure 4. (a) OSL decay curves natural dose (0 Gy), natural
dose (N), and regeneration dose (R4, 15.9 Gy) of sample
LGC-SW-03. (b) Plots of De versus preheat temperature for
samples LGC-SW-03. Each data point represents the mean of
at least three aliquots. (¢) OSL Standard Growth curve of the
sample LGC-SW-03.

Discussion and conclusion
The sand wedge was active during the Middle and
Late Holocene, which correspond to cold dry periods in
the Qiantang Plateau area. During these periods, the
temperature may have been lower by about ~ 5-8 ‘C
than today in this area based on literature data. The lake
level was least lower than the base of the sand wedge.
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Abstract

Fossil granules of calcite produced by earthworms have been identified in the loess-palacosol reference sequence of
Nussloch, (Rhine Valley, Germany). They are particularly abundant in tundra gley horizons, which reflect short-term
permafrost phases. These granules are characterized by a radial crystalline structure. In our study, we used this new
biological indicator to characterize millennial-timescale climatic variations recorded in loess sequences, based on high
resolution counting of granules in a 17-m-thick loess sequence. Increasing granule and mollusc concentrations suggest
warmer climate conditions during palacosol formation, associated with increasing biodiversity (biological activity and
density of vegetation cover). Decreased granule concentrations occur within primary loess deposits, indicating a strong
correlation with palacoenvironmental conditions and demonstrating the utility of calcite granule concentration variation
as a biological proxy.

Keywords: Earthworm calcite granules; Palacoenvironmental reconstruction; Last Glacial; Western European loess;
Palaco-permafrost

Introduction down two 4-m-thick loess sequences in northern France

) . correlates well with pedostratigraphy (Prud’homme ez 4/,
During the Last Glacial (112 to 17 ka), the European 2015).

permafrost zone extended southwards to 47-44°N.

Loess sequences record past permafrost conditions in production and loess stratigraphy, two continuous parallel
the form of periglacial structures. They are mostly columns were sampled at high resolution (every 5 cm) in
associated with tundra gley horizons, which formed due the 17-m-thick of the Nussloch P8 profile for
to hydromorphic processes in an active layer during sedimentological (~300 g each) and malacological/ECG
permafrost decay. analyses (~10 1 each). Previous work analysing the stable

To further investigate the connection between ECG

The Nussloch loess sequence (Upper Rhine Valley, isotope composition of the ECGs in the sequence
Germany) is considered one of the most complete allowed  quantification of climatic  parameters;
acolian records for the Last Glacial in western Europe precipitation during pedogenesis was 333 [159-574]
(Antoine et al., 2009). The middle section (~55-35 ka) is mm/yr (Prudhomme e al, 2017), whereas mean
characterized by the development of arctic and boreal summer air temperature was 10+4°C during tundra gley
brown soils, whetreas the upper section (~35-20 ka) is formation, and 12+4°C during boreal brown soil
characterized by alternating primary loess (typical or formation (Prud’homme ez a/., 2016).

laminated facies) and tundra gley horizons and by a
higher sedimentation rate (up to Imm/yr).

Fossil granules of calcite (ECG), found in loess
sequences and produced by earthworms, are
characterized by a radial crystalline structure. Present-
day observations indicate that earthworms release their
granules at the soil surface. The distribution of ECG

The aim of this study is to compare the variability in
absolute counts of ECGs continuously down the
Nussloch loess profile, compared with grain size
analyses. A new chronology of the Nussloch loess-
sequence based on more than 40 radiocarbon dates
undertaken on ECGs directly confirmed that pedogenesis
took place during interstadial phases (Moine ez al., 2017).
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Quantification of ECGs down the loess
sequence

ECG  counts strongly correlates with  the
pedostratigraphy (Fig. 1), as has already been observed
in northern French sequences. However, since the
sedimentation rate at Nussloch was higher, the precision
of palacoenvironmental reconstruction derived from
ECG concentration is better. A strong correlation is
observed between clay content and ECG concentration,
with high values in palacosols and low values in primary
loess units. This observation suggests that earthworms
were more active, and produced more granules during
the formation of brown soils and tundra gley horizons.

Moreover, the variations of the mollusc concentration
in the profile P3 of Nussloch show similar pattern as the
ECG variations, especially during the Middle
Pleniglacial. The increase of the molluscan diversity
species indicates a densification of the vegetal cover
such as steppe or shrub tundra environment during the
interstadials. These observations suggest that brown
soils and tundra gleys are formed under milder
conditions and are associated with an increase in
biodiversity.

Earthworms seem to be more sensitive to climate
variations than soil horizons themselves, and provide
more detailed evidence for the duration of warmer,
wetter conditions. The amplitude of the ECG peak in
the tundra gley horizons is larger than stratigraphical
units. Thus, the activity of the earthworms precedes the
development of the pedogenesis, suggesting that the
increased of the temperature and humidity might start
before the pedogenesis processes. Since ECG peak
concentrations occur at surface (0-5 cm) of present day
soils, and the concentration of ECGs in brown soils and
tundra gleys differs from this pattern, we can infer that
brown soils and tundra gley horizons represent
accretionary soil processes. Incipient tundra gleys also
occur within the Upper Pleniglacial horizons and are
characterized by a large number of granules, indicating
that ECGs can also be used to identify short-lived
climate ameliorations. Furthermore, three drastic
decreases in ECG concentration are recorded in the
laminated loess units. These units, characterized by a
high coarse silt content, were deposited during windy
periods and correlate with major dust peaks in the
Greenland NGRIP record associated with Heinrich
Stadials 3 and 2.

Conclusion
The compilation of ECG concentration and grain size
variations, palacoclimate data and radiocarbon dating
confirms that the ECG can be used as a new
palacoenvironmental proxy for Last Glacial continental
environments. This new proxy can help us to better
understand the response of terrestrial archives to
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millennial-timescale climate variations identified in the
ice core record.
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Figure 1: Variation of the ECG with the pedostratigraphy
of the loess-palacosol sequence at Nussloch (P8)
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Abstract

Simulated reconstruction of expansion and retreat of circumpolar permafrost and seasonally frozen ground
distribution is attempted for the past 130 thousand years (from the Eemian/last Interglacial to the present) for north of
50°N, using combinations of mean annual air temperature (MAAT) time series reconstructed from Greenland ice cores,
coastlines and ice sheets distributions during the glacial and deglaciation period, glacial-interglacial MAAT amplitude
calculated from climate model outputs, and statistical frozen ground classifications.

Keywords: Frozen ground distribution; Last interglacial; Last glacial period; Paleoclimate reconstruction.

Introduction

Changes in subsurface thermal state and consequential
frozen ground distribution are interactively related to
those in the eco-topo-climatic environments, which
collectively condition the flora and fauna of the region.
Identification of permafrost expansion in the Northern
Hemisphere at the coldest period of the last glacial time
was conducted by Vandenberghe ¢ a/. (2014).

Use of atmosphere-land-ocean-coupled numerical
climate models, i.e., global climate models (GCMs), or
earth system models (ESMs), for past reconstructions
was demonstrated and validated against the field-based
evidence by Saito e a/ (2013, 2014, 20106). In those
previous attempts, reconstructed periods were limited to
those, at which GCM/ESM integrations were conducted.
In this study, we attempt to depict the transience of
changes at a 1 K time step, using combinations of core-
derived temperature times series, spatial interpolation
with GCM outputs, and statistical classification.

Glacial advance and interglacial retreat

Data and methodology

Mean annual air temperature (MAAT) time series
relative to the present-day was taken from the SeaRISE
project (Bindschadler, R. ¢f 4/, 2013). ICE6G (Argus e7 al.
2014; Peltier et al. 2015) were used for coastline
(land/sea mask) and ice sheets distribution for the
period 26ka and present-day. For the period 130ka and
206ka, the coastline and ice sheets distribution have not
been teconstructed at the same resolution of ICE6G.
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Therefore, these distributions at an era between 130ka
and 26ka were assumed to be the same as what ICE6G
reconstructs at such period that has the same global sea-
level (Rohling ez al., 2014) between 21ka and the present
day.

The above MAAT anomaly time seties, taken from
one point of the high-latitude Northern Hemisphere,
were assumed to represent the overall temporal
variability during the simulated period, however, the
magnitude of those variability at each grid cell was
modified in such a manner as to comply with the
magnitude of the glacial-inter glacial difference, namely
defined by the spread of the global model-ensemble
MAAT outputs between the Last Glacial Maximum
(LGM; 21ka) and the mid-Holocene (6ka). The global
model-ensemble was derived from five PMIP3 models
(Braconnot et al., 2012).

Reconstructed maps

Reconstructed expansion during the glacial period and
retreat at the deglaciation are shown at the select periods
for the last glacial and post-glacial periods (20ka, 14ka,
11ka, the present-day) for permafrost (CP: continuous,
EP: discontinuous), and seasonally freezing ground (SF:
>2-week, IF: <2-week), no freezing (NF), land ice mass,
and oceans (Fig. 1). Analysis shown in Fig. 1 was done at
the 1°-by-1° horizontal resolution, however, extension to
a finer resolution straightforward through the
application of the downscaling procedure demonstrated
by Saito et al. (2014, 2016) for northeastern Asia and
south America, respectively.

is
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Figure 1. Changes in frozen ground distribution north of
50N for a) 26ka (thousand years before present), b) 14ka, c)
11ka, and d) present-day.

References

Argus, D.F., Peltier, W.R., Drummond, R. & Moore,
AW., 2014. The Antarctica component of postglacial
rebound model ICE-6G_C (VM5a) based upon GPS
positioning, exposure age dating of ice thicknesses, and
relative sea level histories. Geophys. |. Int., 198(1): 537-563,
doi:10.1093/gji/ ggu140.

Bindschadler, R. e a4/, 2013. Ice-sheet model
sensitivities to environmental forcing and their use in
projecting future sea level (the SeaRISE project). Journal
of Glaciology, 59 (214): 195-224

Braconnot, P., Harrison, S.P., Kageyama, M., Bartlein,
PJ., Masson-Delmotte, V., Abe-Ouchi, A., Otto-
Bliesner, B., & Zhao Y. 2012. Evaluation of climate

models using palacoclimatic data. Nature Climate Change,
2: 417-424. DOLI: 10.1038/NCLIMATE1456.

Peltier, W.R., Argus, D.F. & Drummond, R., 2015.
Space geodesy constrains ice-age terminal deglaciation:
The global ICE-6G_C (VMba) model. J. Gegphys. Res.
Solid Earth, 120: 450-487, doi:10.1002/2014JB011176.

Rohling, E. J., Foster, G. L., Grant, K. M., Marino, G.,
Roberts, A. P. Tamisiea, M. E. & Williams, F., 2014. Sea-
level and deep-sea-temperature variability over the past
5.3 million years, Nature, 508: 477-482

Saito, K., Trombotto Liaudat, D., Yoshikawa, K.,
Mori, J., Sone, T., Marchenko, S., Romanovsky, V.,
Walsh, J. Hendricks, A. & Bottegal, E., 2016. Late
Quaternary Downscaled Permafrost Distributions in
South America: Examinations of GCM-based maps with
observations. Permafrost and Periglacial Processes, 277: 43-55.
DOI: 10.1002/ppp.1863.

Saito, K., Marchenko, S., Romanovsky, V., Hendricks,
A., Bigelow, N., Yoshikawa, K. & Walsh, J., 2014.
Evaluation of LPM permafrost distribution in northeast
Asia  reconstructed and downscaled from GCM
simulations. Boreas, 733-749, 10.1111/bor.12038. ISSN
0300-9483.

Saito, K., Sueyoshi, T., Marchenko, S., Romanovsky,
V., Otto-Bliesner, B., Walsh, J., Bigelow, N., Hendricks,
A. & Yoshikawa, K. 2013. LGM permafrost
distribution: How well can the latest PMIP multi-model
ensembles perform reconstruction? Climate of the Past, 9:
1697-1714, doi:10.5194/cp-9-1697-2013.

Vandenberghe, J., French, H.M., Gorbunov, A,
Marchenko, S., Velichko, A.A., Jin, H., Cui, Z., Zhang,
T., Wan, X., 2014. The Last Permafrost Maximum (LPM)
map of the Northern Hemisphere: permafrost extent

and mean annual air temperatures, 25-17 ka BP. Boreas
43: 652—-666. DOI: 10.1111/bor.12070.



O

Paleoclimate variations and impact on groundwater recharge in multi-layer
aquifer systems using a multi-tracer approach (northern Aquitaine basin,
France).

Marc Saltel'
Romain Rebeix™
Bertrand Thomas™’
Michel Franceschi*’
Bernard Lavielle*
Pascal Bertran®’

" BRGM Nouvelle Aquitaine, Parc Technologigne Europare, 24, Avenne 1 éonard de 1 inci, 33600 Pessac, France

(m.saltel@brgm.fr)

? University of Bordeaux, CENBG, 19 Chemin du Solarinm - CS 10120, 33175 Gradignan Cedex, France
*CNRS (UMR 5797) CENBG, 19 Chenin du Solarium - CS 10120, 33175 Gradignan Cedex, France
* Bordeansc INP, G&>E, EA 4592, 33600 Pessac, France
> University Bordeanx Montaigne, G&>E, EA 4592, 33600 Pessac, France
4 Inrap, 140 avenne du Maréchal 1eclere, 33130 Bégles, France
"PACEA, University of Bordeanx-CNRS, allée Geoffroy-Saint-Hilaire, 33615 Pessac, France

Abstract

The northern Aquitaine Basin (southwest France) is a large multi-layer aquifer system that contains groundwater with
strong residence time variability ranging from years to tens of thousands years. This system was studied using a multi-
parameter approach involving isotopic tracers (1C, O, 2H) to determine the groundwater residence time and to
document climate fluctuations, while dissolved noble gases were used to estimate mean annual temperatures at the
water table (NGRT, Noble Gas Recharge Temperature). Near-surface ground temperature reconstruction from 40 ka
cal BP to the present was made using data collected from 5 aquifers. The coldest temperatures are recorded during late
Marine Isotopic Stage (MIS) 3 and MIS 2, i.e. between 36 and 18 ka cal BP. The mean NGRT for the period 25-18 ka
cal BP is estimated at 5.9 + 0.9°C, and a strong increase towards modern values (11 to 13°C) is observed after 15 ka cal
BP. The temperature drop between the Holocene and the Last Glacial ranges from 5 to 7°C, in agreement with
previous NGRT studies in Europe. Since mean near-surface ground temperatures during the glacial were well above
0°C, long-term presence of permafrost in northern Aquitaine is unlikely.

Keywords: Stable isotopes, Groundwater age, Paleohydrology, Noble Gas, Late Pleistocene climate, Groundwater
recharge, southwest France

Introduction Methods

In southwest France, the Aquitaine basin is a large Natural isotopic tracers have been used to determine the
b

multi-layer aquifer system where groundwater has groundwater residence. time (C), and to highlight the
residence times from a few years or decades to paleoclimate  fluctuations ~ (**O, *H).  Noble gas
thousands of years (Chery ef al, 1994) (Fig. 1). Since measurements  (He, Ne, Ar, Kr, Xe) were used to
present groundwater is inherited from former aquifer determine the mean annual temperature at the water
recharge, which occurred under changing climate table (Noble Gas Recharge Temperature, NGRT).
conditions, this residence time variability gives the
opportunity to use the aquifers as paleoclimate archives

for this time span (Fontes e 4/, 1993). The purpose in A
the present study is to investigate this question through
analyses of groundwater sampled in the northern part of
the basin. A comparison with other regional proxies is
then proposed.

Results and discussion

total of 120 wvalues of residence time from
groundwater of 5 aquifers were calculated. The most
recent residence times were observed near the outcrop
areas. The oldest were measured in the Middle Eocene
aquifer along the corridor formed by the Garonne River,
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which constitutes a natural drainage channel. Overall,
the data shows that the aquifers in southern France were
recharged continuously during the last 40 ka. This
strongly suggests that permafrost, if present, was not
enough widespread to have had any significant impact
on aquifer recharge. Associating Noble Gases Recharge
Temperature with groundwater residence times makes it
possible to reconstruct paleotemperatures since 40 ka
(Fig. 2). According to the data, the mean NGRT during
the Holocene is 11.3 + 1.1°C. This value is in good
agreement with the mean modern temperature of near
surface aquifers in southwest France. Over the period
25-18 cal. ka BP (MIS 2), the estimated NGRTs ate
quite homogeneous and yield a mean of 5.9 + 0.9°C.
The temperature decrease during MIS 2 relative to
present is 5 to 7°C. For the MIS 3 samples (ages > 27
cal. ka BP), the NGRT tises by approximately 3°C and
shows significant scattering, which reflects the
alternation of short (a few hundred years long) warm
interstadials and longer (in order of a millennium) cold
stadials. The mean reconstructed NGRT for MIS 2
indicate that near-surface ground thermal conditions
were significantly over 0°C and, therefore, not adequate
for long-term permafrost development in southwest
France, as already suggested by the lack of recharge gap
in the aquifers. The lowest NGRT value found in
Léognan (5.0 £ 0.4°C) at 23.9 *+ 0.8 ka cal. BP, which
may correspond to one of the coldest phase of MIS 2,
also suggests that permafrost, even in favorable contexts
(sporadic permafrost), was unlikely to occur during the
coldest phases.
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Fig. 1: Hydrogeological cross-sections of the North
Aquitaine Basin.
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Abstract

Starting from existing '"Be exposure dating in Val Viola, we present the first detailed, post-LGM reconstruction of
landscape response to deglaciation south of the Alpine divide. We pursue this task through Schmidt-hammer exposure-
age dating (SHD) at 34 sites including moraines, rock glaciers, protalus ramparts, rock avalanche deposits and talus
cones. Resulting ages indicate that favourable conditions to periglacial landform development occurred during the
Younger Dryas (12.7 £ 1.1 ka), as well as in the Early and Late Holocene (10.7 *+ 1.3 and 3.7 £ 0.8 ka) and suggest a
~10.000 year-long history of permafrost-related activity. Most of the mass wasting activity clusters within the Early
Holocene, in correspondence of an atmospheric warming phase. By contrast, the timing of the main Val Viola rock
avalanche, 7.7 * 0.3 ka during the Holocene Thermal Optimum, suggests a possible causal linkage to permafrost

degradation.

Keywords: Lateglacial; Schmidt-hammer exposure-age dating; Deglaciation; Rock glaciers; Rock avalanches;

Permafrost

Introduction

Reconstructing the timing and styles of landscape
response to deglaciation is critical for understanding the
evolution of formerly glaciated settings (e.g., Church &
Ryder, 1972). To achieve these goals it is fundamental to
map the spatial organization of relict glacial and
periglacial landforms, and constrain the chronology of
their formation. In this study, we reconstruct the post-
LGM landscape history, associated with glacial,
periglacial, and mass wasting processes in Val Viola, a
site located south of the main Alpine divide within the
Central European Alps. To this end, starting from
existing 1'Be dates (i.e., Hormes e# al, 2008), we apply
SHD on 34 sites including moraines, rock glaciers,
protalus ramparts, talus cones and rock avalanche

deposits (Fig. 1).

Methods

We conducted a detailed mapping of glacial and
periglacial landforms via fieldwork and aerial photo
interpretation. Analysis of Schmidt-hammer (R)-values,
which allowed obtaining the spatial distribution of
calibrated ages, followed consolidated standard
procedures (Matthews & Owen, 2010) and involved
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building four lithology-specific calibration curves based
on the three recalculated “Be dates. These data were
then integrated with a GIS-based reconstruction of
paleo glacier extent from the Younger Dryas to the Little
Ice Age.

Findings

Results show that post-LGM geomorphic response to
repeated atmospheric temperature fluctuations was quite
diverse across landscape components, with glacier extent
conditioning the opportunity for permafrost aggradation
and rock glacier formation on deglaciated terrain. The
formation of the three rock glaciers considered in this
study spans across 9 ka. Interestingly, the two currently
intact ones i.e. supposedly still in permafrost conditions,
developed roughly 7 ka apart. One (RG2) in the Early
Holocene (10.7 = 1.3 ka) and today overrides an older
(12.7 * ka) relict rock glacier (RG1), the other (RG3) in
the Late Holocene (3.7 £ 0.8 ka) (Fig. 2). The former,
implies a ~10.000 year-long history of permafrost-
related activity, confirming recent findings on rock
glacier “longevity” in South Tyrol (Krainer ¢f af/, 2015).
The latter suggests a Late Holocene revived phase of
permafrost aggradation possibly linked to the Lobben
oscillation (~3.7-3.1 ka).
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Figure 1. Map of the Upper Val Viola showing the present
day permafrost distribution according to the Alpine
Permafrost Index Map (Boeckli ¢ a/, 2012) and the relevant
study landforms. Black arrows indicate the inferred Val Viola
rock avalanche trajectory (RA1).
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record (Rasmussen ez al., 2007).
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Four of the five rock avalanches dated in Val Viola
occurred in an atmospheric warming phase during the
Early Holocene. However, the largest mass wasting
event recorded, the Val Viola Rock avalanche (RAT),
occurred at the apex of the Holocene Thermal
Optimum (7.7 £ 0.3 ka). Considering the similarities
between today's warming climate and the Middle
Holocene, given that presently RA1 source area is in
likely permafrost conditions (Fig. 1), by analogy, it is
possible that the rocky slope became destabilized in
response to permafrost degradation.
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Abstract

Cryolithogenesis interacts with the pedogenetic processes forming a set of specific features in the solid matrix of
soils. These features are preserved in the buried paleosols where they could be used as indicators (direct and indirect
tracers) of the past cryogenic environment. MIS3 paleosols in the center - north of European Russia (Upper Volga
basin) and Western Siberia (Middle Ob’ basin) and MIS2 paleosols in low Austria are represented by hydromorphic
profiles with gleyic colour pattern and sometimes Histic horizons. Conspicuously, they are developed in the well-
drained geomorphic positions, where modern soils are non-gleyic. We suppose that the presence of permafrost in the
Late Pleistocene was responsible for water logging and generation of reductomorphic soil environment.
Macromorphological signs of cryoturbation and micromorphological evidences of coarse grain sorting and platy
microstructure due to ice lens development provide additional direct indicators of cryogenic environment.

Keywords: cryogenesis, paleosols, gley, permafrost, late Pleistocene.

Introduction alluvial and lacustrine sequences in the center - north of
. ) i i . European Russia (Upper Volga basin) and Western
Identification and reliable interpretation of the Siberia (Middle Ob’ and Taz basins), and in Upper

witnesses of the past permafrost development (proposed
as a special branch of geosciences — cryotrassology) is of
major important for reconstructing past terrestrial
environments of the former cold petriods. Such
indicators/tracers of those events as pseudomorphs
after repeated ice wedges, cryoturbations in sedimentaty
layers, solifluction features, lenses of segregation ice etc.
are reliable but not ubiquitous direct markers.

Austria in the classical loessic sequences. Correlation and
pedogenetic interpretation of the studied profiles was
carried out on the Dbasis of macro- and
micromorphological characteristics and radiocarbon
datings of the paleosol organic materials, sometimes
supported by luminescence dates of sedimentary strata

Results and Discussion
However besides these direct evidences, soil systems

could provide indirect indicatiors of the past cryogenic Recently W.Cll—dCVClOpCd paleosols formed during t.he
conditions. Certain pedogenetic processes although not MIS3 were dlscovered to the north from thC. Eurasian
necessarily linked to permafrost, are strongly influenced Loess Bd.t’ in the north of European Russia, Upper
or modified in its presence. In particular icy permafrost Yolgg basm (Rusakov, S.edov, 2.012) and North-Western
layers could cause water saturation and thus switch on Siberia, Ml.ddle Ob’ basm (Sheinkman et al. 2016), and
the hydromorphic soil forming processes: accumulation re.cex}tly — in the Taz b.asm. The palec.)sols are developed
of peat and gleyzation in the mineral horizons, in the within the Late Pleistocene alluvial and lacustrine

sequences and produced radiocarbon dates from its

geomorphic positions and substrates where otherwise ! ‘ AU Hocdt
organic materials within the time interval of 50-25 Ka

well-drained non-gleyic soils are formed. Therefore, we

propose  to  use the indirect  pedological BP (Fig. 1).

indicators/tracers of former permafrost in order to They represent hydromorphic profiles with Histic
complete the information about its spatial distribution horizons or materials and gleyic colour pattern. In thin
and chronostratigraphic occurrence. sections numerous specific ferruginous pedofeatures
(concentric nodules, mottles, stripes) as well as abundant

Materials and Methodology pootly decomposed plant fragments were (Fig. 2).

We carried out comparative analysis of the late
Pleistocene gleyic paleosols discovered: within the
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Recent Podzol

32490 - 33790 cal BP

Figure 1. MIS3 gleyic paleosol in the alluvial section Belaya
Gora (Vakh river, Middle Ob’ basin)

Figure 2. Micromorphology of MIS3 gleyic paleosol in the
middle Ob” basin: a — plant tissue fragments, b — ferruginous
nodules. Plain polarized light.

Conspicuously they are developed in the well-drained
geomorphic positions, where modern soils (Podzols and
Luvisols) have only weak surficial redoximorphic
(stagnic) features. These paleosols differ from
synchronous Cambisols and Chernozems formed within
loess sequences to the south.

In the Late Pleistocene loessic sequences of Germany
and Austria strongly gleyed soils (known as Tundragley
or NaBboden) correspond to the strata, developed
during MIS2 including MIS3/MIS2 transition (Tethorst
et al. 2015). Again, they are formed in the elevated
landsurfaces providing good drainage on porous
calcareous loess which hampers gleyzation. Indeed
carlier (MIS3) and later (Holocene) soils of the same
sequences are non-gleyic Cambisols and Luvisols.
Additional evidences of permafrost in these soils are
provided by morphological features of horizon
fragmentation and mixing by cryoturbation and
solifluction. Also in thin sections signs of cryogenic
structuring, grainsize sorting, mixing of organic and
mineral materials and deformation of plant debris and
pedofeatures by frost processes are observed. Similar
interpretation of the MIS2 incipient gleyic paleosols in
the West German loessic sequences was proposed earlier
by Antoine (2009).

In all presented cases we attribute strong gleization to
permafrost rather than to deep seasonal freezing because
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only constantly frozen icy layer in the bottom of the
profile could provide watter-logging and anoxic
conditions throughout the year including the warmest
season (when maximal microbial activity and thus

gleyzation could take place). According to this
interpretation we classify these paleosols as Reductaquic
Ctyosols. From the described spatial/temporal

occurrence of the cryogenic gleyic paleosols we deduce
the following: 1) Our data on gleyic MIS3 paleosols in
the Upper Volga and Middle Ob’ basins together with
the findings of similar MIS3 gleyic paleosols in Kolyma
lowlands (Zanina et al. 2011) point to a continuous zone
of Reductaquic Cryosols in the Northern Eurasia during
the Middle Valday/Karga interstadial (Sedov et al. 2016).
This zone shifted several hundreds of km to the
southwest towards the Central Europe during the MIS3-
MIS2 transition. This was conditioned by the southward
extension of permafrost in the beginning of the MIS2.
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Abstract

In safety assessment for high-level waste (HLW) repositories in Germany the future impact of safety-relevant
processes like permafrost have to be considered for the next 1 million years. An estimation of the future development
of permafrost and its maximum depth can be based on numerical simulations. Within the present study, we use the free,
multi-platform numerical modeling package OpenGeoSys to investigate the permafrost depth during the last glacial
maximum at generic geological settings representing hypothetical sites for HLW repositories in rock salt, claystone and

crystalline rock in Germany.

Keywords: LGM, permafrost, numerical simulations, OpenGeoSys

Introduction

With the StandAG (Repository Site Selection Act)
becoming effective, the site selection for a high-level
waste repository in Germany restarted in 2017. The
procedure of site selection is divided into several steps,
which include different preliminary safety investigations.
Part of these safety investigations is an assessment of
processes with potential to influence the safety of a
HLW repository over a period of 1 million years into the
future.

One possible safety-relevant process is the
development of permafrost under periglacial conditions.
Permafrost can occur up to large depths and changes the
thermal, hydraulic and mechanic conditions of the
geosphere. Permafrost has a strong influence on
groundwater chemistry, groundwater flow and thus a
potential radionuclide transport. Moreover, an impact on
engineered barriers with steel elements, concrete or
bentonite elements may be possible. Therefore, it is
important to determine how deep permafrost will
develop to properly address the possible impact on the
repository system.

Permafrost reconstruction

The future development of permafrost can only be
extrapolated from the conditions and trends obsetrved in
the past. The climate in northern FEurope has
experienced several glacial periods over the past and
according to the currently occurring climate cycle, it is
expected that about ten warm intervals will alternate
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with glacial periods within the next 1 million years. Time
series of climate data from the last glacial maximum
(LGM) are used as an analogue for future permafrost
development.

Permafrost extent during the LGM

During the LGM Germany experienced permafrost
conditions a several times. As a result Pleistocene
periglacial features like ice-wedge pseudomorphs, relict
polygon networks or pingos are widely distributed.

Figure 1. Aerial view of relict polygon networks (Google
Earth 2017, 52°1°9.18“N, 10°34‘54.66“E) near Isingerode,
northern Germany.

Estimates of permafrost extend depend on
compilations of field evidence of such features,
especially ice-wedge pseudomporphs. The map below
shows the permafrost extent during the LGM based on
previously published maps (Kaiser, 1960; Liedtke, 2002;

Lindgren ef afl, 2016). The age determination of the
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wedge features relies on stratigraphic classification
and/or radiocarbon or luminescence dating methods.

Figure 2. Permafrost extent during the LGM in Germany
with permafrost evidence from (Kaiser, 1960; Liedtke, 2002;
Lindgren ez al., 2016). Maximum ice stage of the Weichselian
glacial period (Ehlers ez al., 2001).

Permafrost Depth

The maximum permafrost depth cannot be derived
from field evidence. However, numerical simulations are
a suitable tool for estimating how deep permafrost might
develop in the future. Relevant input parameters for
permafrost simulations depend on controlling factors
like climate, topography, characteristics of the
underground and the fluids contained therein or the
terrestrial heat flux.

In order to use model simulations as a forecast
method for the future development of permafrost an
evaluation of their accuracy is necessary. Moreover the
sensitivity of permafrost simulations to the used
parameters and the influence of uncertainties e.g. from
past climate reconstructions should be investigated. For
this purpose models which are used to simulate future
permafrost development should be examined regarding
quality and accuracy and if they are applicable in
Germany, especially by considering specific local
underground conditions. Possible types of host rocks for
HLW repositories in Germany are rock salt, claystone
and crystalline rock. For rock salt and formations with
high salinity particularly the effects of salinity on the
freezing point is of importance.

OpenGeoSys enables the calculation of individual or
coupled thermo-hydro-mechanical-chemical processes in
porous or fractured media (Kolditz e al, 2012).
Recently, it has been extended to consider the influence
of freezing on coupled thermo-hydro-mechanical
problems (Zheng ¢ al., 2016; Zheng et al., 2017; Zheng et
al., in press.). OpenGeoSys will be applied on a
comparative study of the permafrost depth during the
LGM. Different generic geological settings representing
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hypothetical sites for HLW repositories in rock salt,
claystone and crystalline rock in Germany, will be
investigated. In the first calculations, shown in this
study, we will concentrate on the thermal process.
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Abstract

Ground wedge features were investigated in Leningrad region of Russia. These features form patterned ground with
polygons of different sizes and presented by primary soil, sand, and ice wedges pseudomorphs formed as result of frost
cracking before 13 kyr ago. Based on cryogenic contrast coefficient, permafrost in the study area was continuous with
mean annual ground temperatures at the depth of zero annual amplitude below —8 °C.

Keywords: composite wedge pseudomorphs; sand wedges; permafrost.

Introduction

The periglacial zone was widespread in FEurope
(Velichko, 1982; Vandenberghe e al., 2014; Andrieux ez
al., 2016). Permafrost extended south of 51° N in
Poland and Ukraine during Late Pleistocene (Zielinski ez
al, 2013). Periglacial processes were especially
widespread during the Valdai (Late Weichselian)
glaciation (LGM) characterized by smallest extent of ice
sheets (Isarin, 1997, Vandenberghe e al, 2014).
Periglacial processes produced large ice, sand and
primary soil wedges and polygonal forms. Remnant
polygonal ground patterns control the soil cover
structure in European Russia (Alifanov ez a/, 2010).

All basic types of wedges are forming currently in
high-latitude Arctic and Antarctic regions. Repeated
thawing and freezing of fine-grained sediments in the
permafrost zone affects relative composition of quartz
and feldspar, because the two minerals have different
grain  size limits of cryogenic  disintegration.
Correspondingly, the ratio of quartz-to-feldspar
percentages in coarse silt and fine sand fractions
(cryogenic contrast coefficient, CCC) has implications
for cryogenic weathering of sediments. CCC higher than
one suggests permafrost conditions (KKonishchev, 1998).

Study area and methodology

Composite wedge pseudomorphs, sand wedges and
enclosing sediments were investigated in the Leningrad
region, 7 km away from the southern shore of the
Finland Gulf (59°49'46" N; 29°5229" E). Three large
wedges in yellow stratified sand and pebble, 2.2 to 2.7 m
depth and 1.5-2.0 m width at the top, were filled with
light gray, pale yellow silty sand with humus and pebble.
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Distances between the wedges are 45-50 m. Wedges
have a bowl-shaped upper part (depth 1.0-1.5 m) and a
narrow conical lower part (depth 2.5-3.5 m). The
enclosing sediments at the lower part of the wedge bent
down toward its center. Smaller wedge 0.7 m depth and
0.5 m width was filled with dark brown massive
homogeneous sand (Fig. 1). The grain sizes and
mineralogy of sediments that fill, host, and underlie the
wedges were analyzed.

Formation conditions of composite wedge
pseudomorphs and sand wedges

The highest CCC of 2.58 was found in the upper part
of the soil wedge composed of silty sand. Silty sands in
the upper parts of wedges contain about ten times
greater percentages of coarse silt particles than the host
sediments. Harsh cold climate was a necessary condition
for frost cracking of the ground surface. The host
sediments (sand with pebbles) were dated as older than
13 kyr BP by Serebrianyi & Punning (1969). Sand
wedges form in the permafrost zone when deficit of
moisture in the active layer promotes transportation and
redisposition of sand, which fills the frost cracks in the
absence of snow. The predominance of 0.05-0.01 mm
particles and CCC above one suggests presence of
permafrost conditions and aeolian processes. The
ground temperature inferred from CCC (1.6-1.8)
corresponds to —8°C, which is similar to that of present
inland Antarctic regions (Shmelev, 2015). Ratios
indicating active cryogenesis in the past were obtained
for some samples of sands that underlie (CCC = 1.02
and 1.48) or host (1.90 and 1.02) the wedges.
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Conclusions

Wedge-like structures studied in detail are filled,
hosted and underlain by sediments with cryogenic
contrast coefficients one, which indicates active
cryogenic weathering before 13 kyr BP. Frost cracking
produced primary soil and sand wedges, as well as ice
wedges, and related patterned ground with polygons of
different sizes. Permafrost at that time was continuous
and had low mean annual temperature.
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Figure 1. The profile of the study area. 7 — sand with pebbles; 2 — pebbles with lenses of coarse sand; 3 — homogeneous fine sand;
4 — inhomogeneous coarse sand; 5 — sod; 6 — humus; 7 — inhomogeneous silty sand; § — stratification in sand and pebble beds; 9 —
oxidized sand; 70 — sampling location and sample number; 77 — cryogenic contrast coefficient. The width of wedges is not to scale.
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Abstract

A novel procedure utilizing an inverse thermal modelling approach is designed to calculate palaco-climate attributes
responsible for the initiation of periglacial features indicative of the base of the palaco-active layer. We demonstrate its
performance on the example of relict sorted nets in the Krkonose Mts., Czech Republic, and provide unique palaco-
temperature and palaco-permafrost estimates for the Late Glacial or Early Holocene.

Keywords: palaco-climate reconstruction; active layer and permafrost; sorted patterned ground; thermal modelling;

Late Glacial and early Holocene history; Central Europe

Introduction

Periglacial features commonly form under a wide
range of  temperatures. Consequently, climate
reconstructions  utilizing  these  assemblages are
challenging. So far, most of them have been made in a
simple qualitative manner, and thus they have been
frequently considered as unreliable. However, theoretical
and experimental studies have demonstrated that
numerous features, such as sorted patterned ground,
show direct coupling between their geometry and
temperature conditions at the time of their initiation. For
instance, the size of sorted patterns is controlled by the
frost depth in seasonally frozen regions and the thaw
depth in permafrost areas, and their diameter-to-sorting
depth ratio is constant, of ¢ 3.1 to 3.8 under subaerial
conditions (e.g. Ray ez al.,, 1983; Hallet & Prestrud, 1986).
Accordingly, temperature conditions at the time of their
formation can be inferred via the sorting depth, which
closely approximates former frost or thaw depth.

In this contribution, we introduce a novel procedure
designed to infer palaco-temperature and palaco-
permafrost conditions prevailing at the time of the
initiation of periglacial features indicative of the base of
the palaco-active layer, which we demonstrate on the
example of the Late Glacial or Early Holocene large-
scale sorted nets located on the Lu¢ni plan Plateau in the
Krkonose Mts., Czech Republic (Fig. 1).
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Figure 1. Location of the study area and the investigated
sorted nets (orange polygons) in the Krkonose Mts.

Methods

We employed a simple equilibrium thermal model, the
Stefan equation, in an inverse form to calculate the
temperature attributes associated with the sorted
patterns based on the thickness of palaco-active layer:

TLy = (ELpw)/ (2k1n7) )
where T14 is air thawing index (°C.days) multiplied by
the scaling factor of 86 400 seconds per day, £is active-
layer thickness (m), L is latent heat of fusion of water
(J.kg™), ¢ is dry bulk density (kg.m™3), w is gravimetric
water content (dimensionless), &7 is thermal conductivity
(W.m=1.K-1) and #r is thawing #-factor used as a transfer
function between the air and surface thawing index
(dimensionless).
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We performed the Monte Carlo simulation with
10 000 iterations based on the equation (1) driven by
best-fit distribution functions of the input data acquired
by field observations and literature survey. We mapped
and measured the diameters of 1 000 sorted nets using
acrial photographs with a resolution of 0.25 m per pixel
(Figure 1). Then we calculated their sorting depths based
on the published pattern diameter-to-sorting depth
ratios (Uxa ef al., 2017) to approximate the thickness of
the palaco-active layer. Dry bulk density and water
content data were acquired by personal observations and
literature survey of active sorted patterns located
elsewhere (n=23 and 8, respectively). Thermal
conductivity was calculated as a function of bulk density
and water content after Johansen (1975) in order to
reduce the dimensionality of the input data. Finally,
thawing #-factors reported for bare-ground locations
were collected from literature (n=137). Subsequently, we
calculated mean annual air temperature (MAAT) using
TI4 and a range of altitude-adjusted LGM annual air
temperature amplitude (that is believed to be relatively
constant in time) based on the three GCMs (accessible
on www.worldclim.org) assuming sine temperature
wave. The model outputs were subjected
comprehensive uncertainty and sensitivity analysis.

to a

Results

The median diameter of the investigated sorted nets is
4.15 m and the estimated median sorting depth achieves
1.18 m, which is well consistent with our electrical
resistivity ~ tomography  soundings  and
observations in excavations at the study site.

The median modelled T1; is 285 °C.days with
interquartile range of 164 °C.days to 478 °C.days. The
median MAAT was calculated to be -8.3°C with
interquartile range of —10.0 °C to —6.5 °C and like for
T14 it is substantially skewed to the left and follows the
gamma distribution (Figure 2). The sorted patterns likely
formed under continuous to discontinuous permafrost
conditions because ¢. 55% and ¢« 44 % of MAAT is
below —8.0 °C and -1.5 °C, respectively (sensu Gruber,
2012) (Fig. 2).
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Figure 2. (Left) Mean annual air temperature and (Right)
permafrost extent probabilities modelled for relict sorted nets
in the Krkonose Mts.
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The modelled temperature attributes are most affected
by the input active-layer thickness. Thawing #-factors
and annual air temperature amplitude are the second-
order parameters significantly affecting the results.
Physical parameters of the ground also influence the
model outputs substantially, but all appear to be of
slightly lower importance than the above parameters,
which is highly favourable for palaeo reconstructions.

Conclusions

We showed that the presented method is able to
provide palaco-temperature and palaco-permafrost
estimates for sorted patterned ground, but we believe it
is applicable on other periglacial structures indicative of
the base of palaco-active layer as well. Nonetheless,
testing on present-day data as well as more extensive
database of the input parameters from modern
analogues are needed to confirm its validity and to
increase its robustness.
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Abstract

The Seyaha yedoma is located in eastern coast of Yamal Peninsula (70°10'00" N, 72°30'30" E). This sequence (height
22-24 m) is especially valuable for paleotemperature reconstruction because its accumulation was neatly continuous:
from 30 to 11 ka BP and because of abundant syngenetic ice wedges. The previous oxygen isotope and radiocarbon
results allowed aging the ice-wedge formation from 21 to 11 ka BP. The pollen plot of the large ice wedge represents
three units corresponding to changes in taxa composition and their abundance. There are two trends in 80 values;
from +12 to +14.2 m a.s.l. the range in 3180 values is about 1.5%o, from —24.18 to —25.75 %o, from +14.2 to +15.8 m
a.s.l. there is clear upward increase in 830 values from —25.75 to —23.15 %o. New isotope data reveal that the average
January temperature was —34 to —40 °C from 23 to 15-18 ka BP. The tendency to upward increase in 8180 values may
be explained by increase in average winter and average January temperatures during the final stages of ice-wedge
formation. There are 3 maxima of trace element content in the upper part of the ice wedge as follows: at a height of
14.6-15.2 m for Fe, Si, Mn, P, Ba, St, Zn, Ni, Cu, Cd, Mo, Sb, Pb; at a height of 13.5-13.8 m for Fe, Si, Mn, Zn, Ba, St;
and at a height of 12 m for Sb, Cd, Mo, Pb.

Keywords: ice wedges, stable isotopes, Yamal Peninsula, pollen, trace elements.

Introduction inversions from the bottom part of the exposure are

) shown in Table 1.
The Seyaha yedoma is located near Settlement Seyaha

(Fig. 1) in ecastern coast of Yamal Peninsula

(70°10'00" N, 72°30'30" E). The site investigated in Table 1. New radiocarbon ages of sediment samples.
2016. Sample Heigth, | Conventional 14C Lab ID
D m.a.s.l. age, yr BP
YuV-16S/ 76  +5.0 23300 £ 640 Le-11406
YuV-16S/77  +3.0 24100 £ 300 Le-11407
YuV-16S/78  +2.0 25200 £ 420 Le-11408

Pollen
Pollen extraction using heavy-liquid separation was
performed for 25 samples obtained from the main
sampling profile of large ice wedge. The pollen plot was
subdivided into three units corresponding to changes in
taxa composition and abundance (Fig. 2). The profile is
dominated by herbaceous and shrub taxa. The lower
part of ice wedges (6.8-8.8 m a.s.l) is notable for having
high concentration of pollen, predominance of Betula
sect. Nanae, abundance and high diversity of herb taxa.
Middle part (8.8-11.1 m a.s.l) is characterized by a low
pollen concentration and high diversity of herbaceous
Results taxa. Spqres of typical tundra taxa Lycopodinm lagopus
HC age (Laexf. ) Zinserl. ex Kugen were found here. The. top part Qf
ice wedge (11.1-13.6 m as.l) shows increase in
percentage of boreal tree taxa (Picea, Pinus), maximum
percentages of Poaceae and Cyperaceae, Artemisia and
tinding of Diphasium alpinum (L.) Rothm. Lycopodiella

Figure 1. Location of the Seyaha yedoma.

This sequence (height 22-24 m) is especially valuable
for paleotemperature reconstruction because its
accumulation was neatly continuous during 20 ka: from

30 to 11 ka BP (Vasil'chuk ¢# a/., 2000; Vasil'chuk e# a/.,
2005) and because of abundant syngenetic ice wedges.

The previous oxygen isotope and radiocarbon results
allowed dating the formation of ice-wedges from 21 to
11 ka BP (Vasil'chuk ez al, 2000). “C ages without
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innundata (L.) Holub). There is a maximum of reworked
pollen at this interval. It may be supposed that some part
of boreal tree pollen is reworked.
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Figure 2. Selected components of pollen spectra from ice-
wedge ice of Seyaha yedoma.

Table 2. Stable isotope (380 and 8’H) minimum, mean,
and maximum values in ice wedges of the Seyaha yedoma.

Sampl. 3180, %o 82H, %o

min. | mean. | max min. | mean. | max.

(o)

TW profile N1 (N 11-38), depth 2.26.0 m (12-15.8 m as.l,)

8 -2575 =247 -2315 -1975 1920 -171.9
W profile Ni2 (Ni63-74), depth 12.0 1 (6.0 m a.s.1,)
59 —26.63 249 2341 2039 -201.0 -178.9
Stable isotopes

d180 wvalues vary from —25.75 to —23.15 %o in the upper
part of the ice wedge (Table 2). There are two trends in
8180 values; at the height from +12 to +14.2 m a.s.l. the
range in 880 values is about 1.5%o, from —24.18 to —
25.75 %o, at the height from +14.2 to +15.8 m as.L
there is clear upward increase in 880 values from —
25.75 to —23.15 %o. The range in 8'80 values at +15.2 m
a.s.l. is 1.49%o, from —23.41 to —24.9 %eo. The basal part
of ice wedge at +6 m, is characterized by larger range in
3180 wvalues than the upper part: from —23.41 to —26.63
%o. New isotope data reveal that the average January
temperature was from —34 to —40°C from 23 to 18 ka
BP, according to the conversion equation proposed by
Vasil'chuk (1991). The tendency to upwatd increase in
8180 values may be explained by the increase of average
winter and average January temperatures during the final
of the ice wedge formation.

Chentical composition
There are 3 maxima of trace elements content in the
upper part of ice wedge as follows: at a height of 14.6-
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15.2 m — for Fe, Si, Mn, P, Ba, St, Zn, Ni, Cu, Cd, Mo,
Sb, Pb; at a height of 13.5-13.8 m for Fe, Si, Mn, Zn, Ba,
St; and at a height of 12 m for Sb, Cd, Mo, Pb (Table 3).

Table 3. Trace element values in ice wedges of the Seyaha
yedoma. Number of samples = 7.

Element min. mean. ‘ max.
Si 3251.4 2514.9 3251.4
P 884.1 629.2 884.1

Mn 1620.8 983.7 1620.8
Fe 7048.2 3707.2 7048.2
Ni 40.6 30.7 40.6
Cu 38.4 25.9 38.4
Zn 131.9 90.4 131.9
As 9.23 5.1 9.23
St 111 92.1 111
7t 2.23 1.6 2.23
Mo 0.46 0.23 0.46
Cd 0.45 0.25 0.45
Sb 0.11 0.10 0.11
Ba 183 152.6 183
Pb 20.1 13.0 20.1

The lower part of ice wedge is characterized by low
element concentrations except for Fe, Ba, Zn; their
stable concentrations both in the lower and upper parts
(Table 3) is obviously due to containing in clay minerals
and coming from aeolian dust inputs.
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Abstract

The subject of the study is the yedoma ice complex, which locates in the Batagaika depression, Sakha Republic, Russia.
The oxygen and hydrogen stable isotope composition, and the content of the dissolved forms of minor and major
elements were studied for the first time in ice-wedges of Batagaika depression, which makes the novelty of the study.
The isotope composition of the two most saline ice-wedges located in the upper and lower parts of the Batagay
depression indicates that they were formed in a close temperatutre range, the average winter temperature was close to
—34/-35 °C, and the average January air temperature was =51/ =53 °C. The ice-wedge with the lowest content of all
the trace elements was formed in more severe conditions, the average winter air temperature was close to -36 °C, and

the average January air temperature was —54/-55 °C.

Keywords: permafrost; ice wedge; oxygen isotope; hydrogen isotope; trace elements; East Siberia, Late Pleistocene

The subject of the study is the yedoma, which is found
in the Batagaika depression (67°34'49" N, 134°46'19" E),
located 10 km southeast of Batagai settlement (about 17
km along the highway and about 4 km along the trail), in
Verkhoyansky District of the Sakha Republic, Russia.

40 60 80 100 120 140

160 180
Q

Fig. 1. Location of the study site. Batagaika yedoma in the
Central Yakutia.

The site is located on the northeastern slope of the hill
between the hill Kirgilyakh and the mountain
Khatynnakh, its absolute height is about 290 m a.s.l.

The oxygen and hydrogen stable isotope composition
and the content of the dissolved forms of minor and
major elements were studied for the first time in ice-
wedges of Batagaika depression. Batagai megaslump is a
wide ravine with vertical walls of 50-85 m height. Ice-
rich yedoma deposits are found in the wall from the
surface to the depth of 75 m. In western part of the
exposure yedoma deposits are subdivided into two units:
the upper, 30 to 40 m thick, and the lower, 30 m thick.
We observed a feather-like contact of the unit with
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lacustrine or taberal deposits, which are form horizontal
wedge 150-200 meters long and intruding into the
yedoma deposits and overlaying it. Yedoma deposits also
underlay triangle-shape deposits.

The upper yedoma unit contains narrow ice wedges
1.5-2 m width. From this part, we sampled ice wedge
(IW Ne3) from the depth of 5-10 m (or 315-320 m a.s.L.).
The ice has vertical layers with high content of sandy
loam. Polygons are 4-5 m width and of 1.5-3 m height.
The lower part of the yedoma from the depth of 65-73
m or 252-260 m a.s.l. ice wedge (IW Ne2) was sampled
in detail. In this lower part, the ice wedges are yellowish-
gray, diagonally-vertically-layered, with few soil
inclusions, which are predominantly gray in color.

From the isotopic composition of upper ice wedge
(the average value of 880 for 38 samples of ice wedge
(Ne3) is —34.23 %o, the average value of 62H is —266.8 %o
— (Table 1), the calculation of air paleotemperature using
Vasil'chuk's (1991) formula shows that they were formed
in severe winter conditions, the mean air temperature
was —51/-52 °C. The isotope composition of the lower
ice wedges (the average value of 880 for 59 samples of
ice wedge (Ne2) is -35.69 %o, and the lowest value is
8180 —37.2 %o, the average value of 62H is —276.3 %o,
and the lowest value is 82H is —290.8 %o) shows that they
were formed in even more severe winter conditions, the
mean aitr tempetatute was —54/-55 °C.

We estimate the approximate age of IW profile Ne2 to
55-36 ka BP, and IW profile Ne3 to 27-12 ka BP,
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according to radiocarbon radiocarbon dates (Murton et
al., 2017; Ashastina et al., 2017).

Table 1. Stable isotope (580 and 82H) minimum, mean, and
maximum values in ice wedges of the Batagaika yedoma.

ug/L, in the Batagaika River Co content was 0.99 pg/L,
in the Yana River — 0.074 pg/L.

Table 2. Trace elements minimum, mean, and maximum
values in ice wedges of the Batagaika yedoma, pg/L.

Sampl. 3180, %0 82H, %o Sampl. Co Ni
(n) min. I mean. | max. min. | mean. max. (n) min. | mean. | max. | min. | mean. | max.
WV profile No 1 (Ne1-8), depth 68-70 m (255-257 m a.5.1,) 1V profile N 1 (Ne 1-8), depth 68-70 m (255-257 m a.s.1,)
8 [ 3486 | —344 [ —32.67 [ 2702 [ —265.0 | —247.1 3 [ 335 | 362 | 388 [9.20] 995 [10.70

W profile N2 (Ne9-33, 76-111), depth 65-73 m (252-260 m a.s.l,)

IW profile Ne2 (Ne9-33, 76-111), depth 65-73 m (252-260 m a.s.1.)

59 | —372 | =35.69 | —34.51 | —290.8 [ —276.3 | —267.8 13 [ 034 | 158 [ 339 [ 294 ] 547 [ 11.00
1V profile Ni 3 (Ne34-72), depth 5-10 m (315-320 m a5k 1V profile Na 3(Ni 34-72), depth 3-10 m (315-320 m a.s.1,)
38 [ —34.83 [ 3423 | —33.8 | —272.6 | —266.8 | —261.8 6 120 | 345 | 878 [3.04] 952 | 23.50
The isotope composition of the two most saline ice- Sampl. Zn Cu
wedges located in the upper and lower parts of the @) min. [ mean. | max. | min. | mean. | max

Batagaika megaslump indicates that they were formed in
a close temperature range, the average winter
temperature was close to —34/-35 °C, and the average
January air temperature was —51/-53 °C. The ice
wedge with the lowest content of all trace elements was
formed in more severe conditions, the average winter air
temperature was close to —36 °C, and the average
January air temperature was —54/-55 ° C, and, in
addition there was presumably lower wind activity.
According to the data from Batagai ice wedges, the
lowest values of winter paleotemperature for Arctic
Siberia obtained in Batagai area. This confirmed
previously designed maps of the distribution of winter
temperature for different periods of late Pleistocene,
where an isotope and a temperature minimum was
identified (Vasil'chuk, 1992), although there was a lack
of data in this area (but an analysis of the isotopic
composition of the surrounding yedoma ice complexes
allowed Yu.Vasil'chuk to identify the temperature
minimum). The Batagay permafrost phenomenon fully
confirmed the correctness of previously designed
palacotemperature maps.
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Fig. 3. The isotope data from Batagaika megaslump, which
shows mean January temperature of =51 °C for the period of
30-25 ka BP. Data perfectly fitted the center of isotherm —48
°C (lowest temperature) (Vasil'chuk, 1992, p. 261).

We studied trace elements content in ice wedges in order
to examine the change of concentration and distribution
of environmentally available trace elements within winter
and summer seasons. These data bring additional
information on ice wedge development. Co content in
ice wedges (Table 2) varies in the range of 0.34-8.78
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W profile N1 (N 1-8), depth 68-70 m (255-257 m a5

3 [ 1090 | 1850 | 26.10 [ 9.98 | 14.04 [ 18.10

W profile Ne2 (Ne9-33, 76-111), depth 65-73 m (252-260 m a5l

13 [ 257 [ 640 | 1260 [ 270 | 445 | 7.61

W profile Ne 3 (Ne34-72), depth 5-10 m (315-320 m a.s.l)

6 314 [ 2024 | 4840 [ 3.18 [ 10.79 [ 30.70
Sampl. Mo Ce

(n) min. | mean. | max. | min. | mean. | max.

W profile N 1(Ne 1-8), depth 68-70 m (255-257 m a.s.l.)

3 [ 016 [ 021 | 025 [638] 655 | 672

W profile Ne2 (Ni 9-33, 76-111), depth 65-73 m (252-260 m a.s..)

13 [ 013 ] 025 [ 047 J078 ] 219 [ 8.29

W profile Ne3 (Ni 34-72), depth 5-10 m (315-320 m as.)

6 [ 045 ] 019 [ 022 [155] 843 [ 2450

Ni content in ice wedges Nel-3 is 2.94-23.50 pg /I, and
4.75 pg/L in the water of the Batagaika river. Cu content
in ice wedges vaties from 2.7 to 30.7 pg/L, and is 7.61
ug/L in river water. Zn content in ice wedges ranges
from 2.57 to 48.4 pg/L, and is 3.95 pg/L in river water.
Mo content varies in ice wedges from 0.13 to 0.47 pug/L
and is  0.43 pg/L. in river water. Ce content in ice
wedges is 0.7-24 pg /I, and is 0.14-2 pg/L mg/L in
river water.
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Warming permafrost is projected to weaken foundation soils and create engineering risks previously not
fully appreciated. Geocryological processes such as thermokarst, frost heaving and fracturing, icing, and
thermal erosion are the source of immediate danger for the engineering structures. Economic losses during
the construction and exploitation procedures in the permafrost area are linked also with the other negative
processes that have the specific character in cold regions. These processes are swamping, desertification,
deflation, flooding, mudflows and landslides, and can lead to common risks of unsustainable development
of regions. Infrastructure longevity is influenced by climate change consequences that must be calculated in
insurance procedures, and this is challenging engineers to make estimates of these impacts, and also to what
level the design parameters can be adjusted to maintain an acceptable level of risk and economics. Recent
advancements in the use of surface based geophysics for geotechnical characterization are demonstrating
that the homogeneity of the permafrost ground-ice condition can often be exploited to the benefit of
infrastructure projects. Additionally, thermal modeling techniques are becoming standard engineering tools
for determining the results of innovative designs, and for projecting to the future warmed condition.
Presentations are invited that provide insight into the current methods for engineering on warming
permafrost, and especially those that illustrate results of altered design parameters. We encourage
demonstrations of innovation for maintaining or modifying founding soil conditions, innovation on the
methods for characterizing the geotechnical condition, incorporation of permafrost cryostructure and geo-
cryomorphology into the applied realm, assessments of risk and costs, and improved techniques for
assessing, designing and constructing on warming permafrost.
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Abstract

The purpose of this study was to investigate the settlement and deformations of the embankment constructed in
warm permafrost regions of Mongolia. In this investigation, five experimental sites were selected, namely R01, R02,
RO3, R04, and RO5. High-resolution ERT measurements and drilling methods were used in this study. As the results
show, frozen ground was identified at boreholes in the RO2 (3.4 m), RO3 (3.0 m), RO5 (3.2 m) sites, while it was absent
at the R04 and RO1 sites. According to ERT, the upper and lower permafrost limits have resistivity values of 1022 Q m.
These permafrost limits were associated with drilling results of the boreholes. At all sites excluding the RO3 site,
settlement and deformations of the road surface were found with different rates between 5 cm and 30 cm. High-
resolution ERT measurements cleatly show the permafrost thawing, especially underneath the embankment in the RO1,
and RO4 sites, where the permafrost thawed down to 11 m.

Keywords: ERT, paved road, permafrost, Mongolia.

Introduction In this survey, we measured high-resolution ERT on
the permafrost underneath the paved roads using the
Wenner and Wenner-Schlumberger arrays. The multi-
electrode resistivity technique uses a syscal R+, a switch
pro and several multi-core cables. A unit of 96
electrodes was plugged into the ground at a fixed
distance of 1-5 m. According to the drilling survey, the

The Mongolian road network currently amounts to
12722 km, including 5354 km of paved roads, 6213 km
of unpaved roads, and 1153 km of planned roads
(Adhikari, 2013). Of this, approximately 1200 km of
paved roads were constructed on warm permafrost with

a mean annual ground temperature higher than -2.0°C ground materials were identified with hand drilling

(Jambaljav,  2017). Alor.lg. paved roads in warm equipment (TANAKA Japan) at all sites during the
permafrost  zones,  significant  settlement  and fieldwork in August 2017.

deformations related to creep were found at many places
where the embankments are unusually tin. Therefore,
the stabilization of the embankments must be taken into
consideration, patticularly for those embankments
directly underlain by the warm permafrost layer. The
purpose of this study was to investigate the settlement
and deformation of the embankments constructed in the

~
Permafrost belt

: B \\-, i~ continuous
Mongolia. — T I Disconinucus
L / Sporadic
Five experimental sites were selected in the ® Sl - Iscated
) . X ——— Road with asphalt pavement "N i Seasonally
continuous to isolated permafrost zones (Fig. 1). These Road orec S T

sites are treferred to hereafter as RO1 (Chuluut), R02
(Terkh), RO3 (Khurental), R0O4 (Tsagaannuur), and R05
(Alag-Erdene). Furthermore, the Mongolian government
is planning to construct paved road in the future at the
RO3 site. Along paved roads, the ice contents change
significantly over short distances at the sites.

Roz' N,

Figure 1. Study sites along roads in Mongolian permafrost
zones. An example photo shows the geophysical measurement
at the paved road at R02 site during the fieldwork.

Methods
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Figure 2. 2-D profile results of ERT, and soil profile of boreholes at experimental sites.

Results and Discussion

Figure 2 shows a series of five resistivity images across
paved road embankments and natural ground surface,
and the drilling at all sites. An 8.4 m borehole was drilled
at the RO1 site near the road embankment. There was no
permafrost at 8.4 m, but settlements (20-30 cm) and
deformations were observed on the asphalt pavement.
Frozen ground was identified at several boreholes in the
R0O2 (3.4 m depth), R03 (3.0 m depth), RO5 (3.2 m
depth) sites, but not at the R04. In these sites, ground
temperatures ranged from -0.40°C to -1.2°C during the
fieldwork.

According to ERT, the resistivity of the ground
ranged from 20 Qm to >1878 Qm at all sites. We
delineated the upper and lower permafrost limits with
resistivity values of 1022 Qm. These permafrost limits
were associated with drilling results of boreholes.
Besides the RO3 site, the embankments of paved roads
were constructed from 2012 to 2014 (Adhikari, 2013).
Since that time, the permafrost underneath the
embankments has been continuously thawing with
different rates (Fig. 2). The RO3 site lies in the area
where we are planning to construct a paved road. At all
sites excluding the RO3 site, the settlement and
deformation of the road sutface were found with
different rates between 5 cm and 30 cm. ERT
measurements clearly show the permafrost thawing,

especially the permafrost thawed down to 11 m below
the embankment in the ROl and RO4 sites. Ground
surface was destroyed around embankments of paved
roads; under these surfaces the permafrost was also
thawed.
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Abstract

The Yukon transportation system is under the threat of permafrost thaw. Under the initiative of Yukon Highways

and Public Works (HPW), actions have been taken to anticipate and prepare for the impacts of climate change on the
highways. Two corridors have been prioritized for assessment, the northern 200-km of the Alaska Highway and 465 km

of the Dempster Highway. We present here the results of those multi-disciplinary studies, and a comparison in terms of

the structural, geological, and geocryological setting of these two major transportation corridors.

Keywords: Yukon Highways; Adaption; Impact Assessment, Geocryology, ERT

Introduction

Passing through thaw-sensitive permafrost areas,
construction and maintenance of the Alaska and

Dempster Highways has always been problematic
As climate scenarios project temperature

(Fig. 1).

increases between 2.5°C and 4°C by the 2050s,
permafrost is likely to be affected. A large-scale
permafrost assessment of both corridors is required to
understand and prepare for the impact of permafrost

thaw.

Methodology

The assessments combine desktop study and field
investigation. Surficial geology maps and aerial imagery
were interpreted, supplemented with geotechnical
reports (Calmels e al, 2015). Field investigations

focused largely on areas proximal to the highway, where
New

currently available.

minimal information is

geophysical information was acquired through electrical
resistivity tomography (ERT) surveys, using Wenner,
dipole-dipole, and gradient arrays. Cryostatigraphic logs
based on shallow drilling validated the geophysical
interpretation. Laboratory analyses included soil grain
characterization, cryostratigraphy, and volumetric and
gravimetric ice content determinations. Finally,
boreholes with wvariable depth were instrumented to

permafrost

monitoring  arrays

corridors (Idrees et al., 2015).

monitor ground temperature at study sites and create
along the highway
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Figure 1. Locations of the study sites.
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Results

The drilling (33 boreholes sampled, 20 instrumented)
and geophysics (24 ERT surveys) programs along the
Alaska Highway showed that less than 20% of the 200-
km investigated section was located on ground with low
vulnerability to permafrost thaw. Additionally, a
selection of 4 highly vulnerable sections deemed suitable
for remediation, and the design of 3 potential adaptation
designs per site (Calmels ez a/., 2010).

Although at a less advanced stage, the investigation
along the Dempster Highway (18 boreholes sampled,
17 instrumented; and 24 ERT surveys), distributed over
17 sites, allowed for the determination of the principal
type of active geohazards, such as sinkholes, and their
causes. Parallelly, permanent ERT and temperature
arrays have been installed to monitor the performance of
adaptation techniques along a functional test culvert.

Although the two highways are located in distinct
geographical areas, in both cases results indicate that the
regional glacial history has influenced permafrost
distribution and characteristics. Sites underlain by
permafrost located within a few square kilometers of
each other exhibit a wide range of ages, ground
temperatures, thicknesses, and ground ice content and
nature.
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Abstract

The article deals with modern conditions and potential risks, related to possible further climatic change in the Arctic
zone and economic development of new regions. The main attention is paid to changing geocryological and
geomorphological conditions, which lead to activation of exogenous processes in the continental part of the Arctic
zone. Possible changes in the ecological, geocryological and geomorphological situations of the Arctic zone regions

were analyzed.

Keywords: Arctic Zone of the Russian Federation; geocryological conditions; geomorphological situation; dangerous

processes; economic damage; changing climate conditions.

The Russian Arctic land zone extends from the
western boundary in the Kola Peninsula to the Dezhnev
Cape of the Chukotka Peninsula in the east of the
country; it is presented by diverse natural conditions.
The balanced economic development of the Russian
Arctic zone cannot be achieved without regard to risks
of global changes in the natural environment and
hazards, which bring significant damage to the economy
and loss of people.

The Arctic area in Russia is characterized by extreme
natural conditions: low average annual air temperatures,
widespread permafrost rocks that occur at a depth of
from 0.3 to 2-3 m, low biological activity. The economic
development of new areas and technogenic
transformations of the relief is accompanied by the
decay of the vegetation cover, so bringing about warmth
increase in the ground, and consequently 2-3 fold
increase in the depth of seasonal thawing; the conditions
of discharge change, which often provide additional
humidification of the ground, and even can result in the
appearance of artificial reservoirs. The change in the
geocryological and geomorphological conditions leads to
the activation of exogenetic processes in relief formation
(Chesnokova & Lokshin, 2016). These processes
include: frost fissuring, ground heaving, thermokarst,
solifluction, erosion, and thermoerosion, abrasion and
thermoabrasion, acolian processes.
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We have analyzed the proposed changes in the
geomorphologic- geocryological situations in the regions
of the Arctic zone of Russia. Three subject groups have
been identified, which have similar tendencies in climate
changes;

I. Regions 06-8 (Krasnoyarsk Kray, Saha Republic
(Yakutia), Chukotsk autonomous area). Here, a rise in
temperature in frozen ground by at least 1° decreases
their carrying capacity, increases the depth of seasonal
thawing, their irreversible up warming, and subsidence.
All these processes cause the deformation of ground and
foundations, dipping of poles etc. Particularly dangerous
are the consequences of the transformation of frozen
ground into the thawed. Natural results of such
dangerous processes are large-scale and small accidents
in engineering structures.

II. Regions 4, 5, 9 (Nenets autonomous district,
Yamalo-Nenets autonomous district, Komi Republic
(Vorkuta-city)). Among negative consequences during
climate changes, most frequently mentioned are the
detetioration of engineering-geology conditions during
sharp changes in the geocryological conditions. That can
cause the destruction of industrial and dwelling buildings
and different constructions.

III. Regions 1-3 (Murmansk district, Karelian republic,
Arkhangelsk district). These are most developed areas of
the Arctic zone and taking into account the existing
tendencies for climate changes, deterioration of the
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ecological and geocryological-geomorphological
situations is quite possible.

The obtained characteristics provide the general view
of changes in the geomorphological- geocryological
situations. The picture is more complicated. In the Sakha
republic and in Chukotka the activation of geodynamic
processes is defined by the seismicity of the area rather
than by the changing climatic conditions. The positive
affect from improving climatic conditions in regions of
Group III can be leveled by the activation of
anthropogenic  processes with additional territory
urbanization. Long-term prognoses of warming up
acceleration do not provide optimism either. According
to certain estimations, by 2050 the temperature of frozen
rocks can rise by 3-6°C. This will cause considerable
warming up of frozen rocks, their subsidence in large
areas, and submergence below sea level.

Regarding the regions of the Arctic zone as territorial
resources, it is necessary when developing them, to catry
out complex geocryological, geomorphological, and
ecological investigations on the basis of:

- Monitoring  the temperature regime of
permafrost rocks strata in various regional-zonal
conditions;

- Prognosis of the dynamics of permafrost rocks
and geocryological processes in various scenatios of
global and regional climate changes;

- The assessment of the changing complexity of
the geocryological conditions and of the cost of the
investigations, specified by the consequences of global
climate changes;

- Assessment of changes in the stability of bases
and foundations of existing and projected buildings and
the conditions of mineral resources maintenance

- Quantitative assessment of a risk of possible
economic damage in case of realization of the scenario
of global climate changing.
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Abstract

Natural and natural-technogenic geosystems in the permafrost zone are controlled by the interaction between the
geological environment and the Earth’s exospheres, including the technosphere. Observations are required to keep the
situation under control. It is possible to consider well-studied territories of the Russian permafrost zone as “key sites”
and the data describing these sites can be extrapolated on the base of geosystem approach. Corresponding map (or
cartography model) should represent with predetermined precision and reliability the information on the background,
current and predictive natural and technogenic conditions. Monitoring of the permafrost zone and neighbouring
environment provide iterative and operative corrections of cartography models and, finally, supply developers and
license holders with the information needed for the design and management. However this scheme operates badly,
because investments of developers and licence holders into the permafrost studies are not sufficient while in most cases
controlling ecological authorities only estimate damages but don’t provide conditions to avoid them.

Keywords: permafrost; climate change; monitoring; developers and license holders; technogenesis; ecological control

Introduction

The general tendencies of climate parameter changes
are unfavorable for existence and preserving of
permafrost series. One can observe this fact on the
example of West Siberia. Permafrost monitoring sites
there form a transect crossing several nature-climatic
zones from the northern taiga to the high arctic tundra.
At all these sites the increase of average annual air and
ground temperatures as well as snow cover thickness has
been registered. In the south, this tendency leads to the
ubiquitous lowering of the permafrost table and
activation of the processes, while in the north - to the
decrease of still being frozen ground bearing capacity on
20-30 %, that has become a surprise for owners of
constructions. But this is the area, where since 1930
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mineral deposits have been exploited, cities have been
constructed, pipelines have being laid, more than
45 years have passed since the beginning of the intensive
development of oil and gas resources. Nevertheless till
now the geoecological consequences and, in general, the
experience of the development of vast northern
territories haven’t been summarized. Meanwhile, without
this analysis a rational policy for further development of
the Arctic is impossible.

The problem core

According to the conditions of subsurface resources
management the permafrost territory represents difficult
and severe geological, geocryological, hydrogeological,
geoengineering and geoecological conditions. Poor
understanding of these conditions’ natural-technogenic
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transformation and its  ecological
determines additional exploration risks.

consequences

In the management of the Arctic regions the costs of
construction can reach as high as 3-8 costs of the same
in non-frozen regions. Material losses occur because of
variety of design errors, low culture of construction in
the Arctic region, breaches of the rules in the
exploitation of regional objects, inadequate accounting
for the experience of the similar territories’
development.

The contribution of the latter factor often becomes
the most significant as this one doesn’t permit actual
routines of state ecological and technical control to
estimate optimally the impacts of large projects of
subsoil management on the geological environment.
Correspondingly, it is impossible to determine
objectively the contribution of the design, construction
and exploitation to the negative reactions of the nature
to these projects. This problem requires substantial
foundation in methodological and legal aspects.

The fundamental characteristics of an adequate
conception are evident. This is a combination of (a)
regional and monitoring obsetvations, which permit an
identification of natural and technogenic ecological
conditions of the permafrost zone and (b) a separation
of technogenic factor of occurred negative changes
along with the reconstruction of specific reasons
producing them.

However, the realization of the conception is not
completely successful. Significant reduction of the
monitoring activity in the aforementioned direction has
taken place in the system of Russian geological survey
comparing with the 20% Century, especially — with the
Soviet period. There is no state program for the
adaptation of the experience accumulated in the sphere
of urban territory management in the Arctic and sub-
Arctic. The activity of mining companies is concentrated
practically only in the frames of license sites. Regional
investigations of RAS and universities are able to reflect
only the most general regularities of the Arctic
permafrost zone formation and development.

Two main reasons of these conclusions: insufficient

state funding and the absence of conceptual
requirements to developers and licensees. Both reasons
are grounded in insufficient understanding of

monitoring and retrospective studies’ significance for
minimization of management problems in Northern
territories.

Ways to solution

Territories of big deposits in the Arctic can be
considered as polygons for geoecological monitoring,
where the current and the former state of the art should
be specified and the inferences of this knowledge should
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be used for the forecast of future state. But it is not in
practice now.

In accordance with the tasks of “The Strategy of the
Russian Federation Arctic zone development and
ensuring of the state’s security for the period until 2020»
it is necessary to develop interdepartmental Program
“Permafrost of Russia” (or “Cryolithozone of Russia”),
with experts form RAS, universities, ministry research
institutions and mining companies being involved into
this work. This program should define a conceptual
approach and a strategy for integrated regional and
geoecological (hydrogeological, geo-engineering,
geocryological) monitoring studies of the cryolithozone
on the territories and water areas of the first- and
middle-term development (types, stages and volumes of
the investigations) as well as development and practical
approval of progressive methods of construction. The
generalization of the experience of different Arctic
regions’ development should form the basement of this
program.

Regional works and monitoring should be extended
gradually, being in advance to the expansion of
economical projects into new Arctic areas. The
developed areas with neighboring territories become
new monitoring sites, with their informative significance
being defined and changed in accordance with their
economic development stage.
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Abstract

The main features of Russian and foreign simulation software and their limitations that appeared during solving
thermal problem under the permafrost conditions are considered in this poster. Frost 3D Universal, the software
package for computer simulation of permafrost soils under the thermal influence of engineering constructions and

cooling devices, is presented.

Keywords: permafrost, simulation software, numerical simulation, thermal analysis.

Introduction

Computer simulation of permafrost thermal regime
requires numerical solution of heat equation. Since
Joseph Fourier presented his paper in 1807, the heat

equation and its various modifications are widely in use.

Main features of Russian simulation software. RSN 67-87

The well-known Russian standard RSN 67-87 (Russian
Federation Gosstroy, 1987) has been previously applied
successfully to all Russian simulation software and is
based on the enthalpy formulation of the heat equation
that provides a means to account for “water-ice” phase
transitions in the ground. RSN 67-87 is still quite
popular, but it should be noted that much has changed
since its publication. First of all, scientific and
technological progress have emerged new opportunities:

- numerical schemes (Dauzhenka & Gishkeluk, 2013)
that were previously used in RSN 67-87 have been
improved;

- information technologies offer new computing
platforms (GPGPU, distributed computing), allowing us
to significantly increase the scale of tasks and reduce the
time spent on solution obtaining (Xiaohui et al, 2010).

Secondly, the software requirements have been
increased due to the high demands of users:

- accounting for cooling units became extremely
important;

- data visualization and workflow automation
requirements have been increased.

Despite the fact that 3 decades already passed since
the RSN 67-87 had been emerged, local solutions are

outdated and modern

requirements.

significantly ~ behind  the

Main features of American and Enropean simulations software

At the same time, western software solutions are
constantly changing and incorporating new trends and
opportunities in real time. It should be noted that,
currently there is a number of American and European
general-purpose packages for 3D numerical simulation
of thermal processes, however, their employing in
permafrost thermal analysis is complicated by the
following:

Difficulties of considering  ‘water-ice’  phase
transitions, which in turn leads to low accuracy and
cause large errors when using general-purpose software:

1) There are no specific tools for creating
complicated 3D geological models;

2) There are heat pipes and cooling units to be
considered;

3) Time-consuming calculations (days, weeks)
due to the numerical methods, which are
unoptimized for thermal processes in frozen

ground.

Out solution

The practice has shown that the general-purpose
software does not meet the needs of most R&D and
engineering companies in the Russian Federation.
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Simmakers Itd developed Frost 3D Universal software
in 2014 and this is the first software package for
numerical simulation of thermal processes in permafrost
ground, given the issues of both western and Russian
software solutions. The key advantage of Frost 3D
Universal is a unique numerical scheme that provides
high accuracy and makes it possible to account for phase
transitions, allows to accelerate calculations ten times
faster due to parallelization on graphic accelerators, and
also to perform 107 nodes simulations for long time
periods within several hours (Gishkeluk et al, 2015;
Gordiychuk &  Gishkeluk, 2016). Also Frost 3D
Universal has a built-in set of tools for complicated
geological models creation and cooling units simulation.
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Abstract

The article describes the engineering-geological conditions of oil, gas and condensate field Beregovoe. Analysed of
the results of researchs the stated data upon which the hazard identification and risk based on which the area was
divided and characterize on areas across of engineering-geological conditions.

Keywords: beregovoe; regionalization; engineering-geological conditions; permafrost zone.

Introduction

Results of data processing are presented in article on
the example of the Beregovoe oil and gas condensate
field located in a zone of permafrost soils.

Results

Regionalization across of geological engineering
conditions is performing based on the landscape
differentiation of the territory.

Five types of terrain are distinguishing: A (lacustrine-
marshy); B (drained lake); B (riverine); G (undulating); D
(linear-ridge) (Table 1).

In accordance with SP 11-105-97 on the complexity of
engineering and geological conditions, the territory is
classifying as category 111 (complex).

The results of field work and laboratory studies of the
physical and mechanical properties of soils made it
possible to detail the preliminary assessment of the
engineering and geocryological conditions of the
deposit, based on the interpretation of the space
photograph of the territory.

The main part of the route passes along the riverine
type of terrain (B), which is characterizing in the upper
part of the section-thawed ground of sandy-loamy
composition, low activity of development of dangerous
cryogenic processes. Frozen ground from the surface are
distributing locally. Sandy soils are everywhere in the
lower part of the section.

The most unfavorable for the construction of
buildings and the laying of the pipeline are the types of
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terrain: A (found locally in lowlands, represented by
marshes with a peat thickness of up to 2.2 m) and B (is
widespread, represented by swampy areas, clayey soils
with no surface runoff). Types G and D along the route
don’t occur.

Based on the results of the performed work is
recommended to building sites lines of linear structures
on well-drained dry-bottom stretches of thawed soils.

Table 1. Assessment of negative impact of engineering-
geological processes depending on area type

Engineering-geological processes

Thermokar
St

Thermo-
€rosion
Points

Dampnes -
R P Erosion

s

Sum of
scores

Frost boiling

Types of
terrain

2

Lacustrine-
marshy

Hasyreyny

Riverine

Natural
drained

Technogenic
soils
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Abstract

Appliance of finite-difference method using sequentially coupled explicit-implicit scheme aiming to increase
computational performance for a wide range of applied tasks in the sphere of construction design on permafrost

ground is proposed.
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Introduction

While designing constructions on permafrost ground
it is necessaty to predict the temperature of permafrost
for the entire period of constructions building and
maintenance.

Heat equation is used to describe mathematically the
heat transfer processes in permafrost ground (Maksimov
& Tsypkin, 1986). This equation is widely acceptable in
modern CAD, where numerical methods are used to
solve the heat equation. In particular, the finite element
method (FEM) and the finite-difference method (FDM)
can be distinguished as the most popular numerical
methods for heat transfer simulation. (Vasilyev &
Popov, 2009, Feulvarch et al, 2013, Vasilyev et al, 2017).

In this paper (Herein), we will consider a range of
applied problems in Permafrost engineering and their
solving with the help of "classical" and generally
accepted approaches that has low performance. To solve
such problems, we recommend using a sequential
combination of explicit and implicit scheme of finite-
difference method, the advantage of which is the
improved computing performance.

Problem

The applied tasks in the Permafrost engineering set forth
the specific requirements, such as:

1. solution of the heat equation taking into account
phase transitions (permafrost ground freezing /
thawing);

2. The ratio of computational domain size and
minimum spatial step is about 1000:1, what requires a
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multi-million mesh for

approximation;

computational appropriate
3. high thermal diffusivity in subdomains without
phase transitions (piles, concrete basements and so on);

4. simulation period is decades or even hundreds of
years.

There are different forms (schemes) of the finite element
method and the finite-difference method, such as
explicit, implicit, etc. Each schema has pros and cons.
For example, the problem of the explicit scheme is the
time step limitation which is quadratically tightened as
the spatial step is reduced (Voller & Prakash, 1987). The
implicit scheme has limitations concerning the solution
of the system of linear algebraic equations in the case of
nonlinear heat equation (Idelsohn, 1994, Pham, 1995).

Due to the above facts, both explicit and implicit
schemes of finite-difference method will have low
computational performance. Thus, it was proposed to
combine their application. It is assumed that such
combined explicit and implicit scheme usage allows to
increase the performance of finite-difference method in

many applied problems of Permafrost engineering
(Dawson et al, 1991).

Proposed method

The proposed method, in fact, aims to increase the
time step of the explicit finite-difference method
scheme, by avoiding the most "problem zones".

1. The initial computational domain is divided into
two sub domains (A and B) due to the estimation
of the maximum time step for each node in the
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computational domain. Those nodes that
significantly shorten the time step are referred to
the B, the remaining nodes are referred to the A;

the time step computation is performed with an
explicit finite-difference method scheme for all
nodes belonging to A sub domain;

3. the time step computation is performed with an
implicit finite-difference method scheme for all
nodes belonging to the B sub domain. In this
case, the system of linear equations solution will
be implemented taking into account already
known values obtained in the previous step, i.e.
the number of variables will be small.

The performance of the proposed method depends on
division of the initial computational domain into A and
B sub domains. The expansion of B sub domain, on the
one hand, allows us to increase the time step of the
explicit scheme but, on the other hand, requires more
computing performance to solve the system of linear
equations.
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Abstract

This work deals with comparing analytical solution of the Stefan problem for soil freezing with numerical solution
performed by simulation software. As a result, there have been received max errors of calculated temperature, the depth
of water-ice phase transition in ground and computational time.
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Introduction

Nowadays, it is widely acceptable to perform
numerical computation using specialized simulation
software while designing the engineering structures. One
of the important task during such simulation routine
conducted for permafrost is to predict three-dimensional
thermal state of underlying soils in course of structure
maintenance, because the soil state (frozen or thawed) is
responsible the stability of the construction. (Oswell &
Nixon, 2015; Zhou et al, 2008; Gishkeluk ez 4/, 2015;
Kudriavtcev ef al, 2013). Another important task of such
numerical computation is the correct simulation of the
ice—water phase transition.

This work is dealing with the result accuracy in solving
a heat problem with phase transitions in the ground.
Such software packages as ANSYS 18.0 Thermal,
COMSOL 5.2a and Frost 3D Universal 3.0. were
selected for comparison. Simulation results were
compared with the well-known Stefan problem.
(Pavlov, 2001; Boucigueza et al, 2007; Javierre et al,
20006). This problem has a certain analytical solution
(Pavlov, 2001), with which the comparison of simulation
software will take place. There are following criteria: the
accuracy of the temperature measurement in each node,
the depth of the phase transition in comparison with the
analytical solution, and time spent on numerical
computation. Special attention was paid to the accuracy
of the temperature in an area of the phase transition.

150

Problem statement

Problem statement for all simulation software

solutions is the following:

*  The computation domain is a column of soil (Im
x 1m x 25m);

*  The initial temperatute of the soil is To = 1.5 °C;

*  On the top boundatry, the first-type boundary
condition is set: Thng = -27 °C;

e On all other boundaries,
boundary condition is set: q=0;

*  Mesh step along X-Axis and Y-Axis is 0.5m and
for Z axis is 0,02m.

*  The heat capacity of the soil in thawed and frozen
state:
C:=1.89 MJ/(m3 °C);
Ce= 1.74 MJ/(m3 °C);

*  The thermal conductivity of the soil in thawed
and frozen state:
K. =0.7 W/(m °C);
K¢ =0.75 W/(m °C);

*  Phase transition temperature is Ty = 0 °C;

the second-type

*  The volumetric heat capacity of phase transition is
1.=334 MJ/m3;

*  Computational time is 300 days.

In the classical Stefan Problem, the zone of freezing
(or melting) is degenerated to a point, while the curve of
unfrozen water content has a jump discontinuity. For
the simulation software, the phase transition has been
smoothed in order to make the curve of unfrozen water.
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All numerical computations were performed on Intel
Core 15-2500.

Results

The depth of the phase front after 300 days will be at
a depth of 1.712 meters according to the analytical
solution of the Stefan problem. Comparison of the
numerical and analytical solutions is shown in table 1.

Table 1. Compatison of numerical and analytical solutions
of the Stefan problem.

Max Depth of the Time of
Max . .
a ratio phase computation,
error, °C o s
error, % transition, m S
ANSYS 2.2931 8.05 1.578 549
COMSOL 1.5066 5.29 1.899 3976
FROST 3D 0.1350 0.47 1.739 38

In all considered software packages max error occurs
around the phase transition zone. The greatest error was
performed by ANSYS and the smallest one - by FROST
3D. Simulation performed by COMSOL was the most
time-consuming, but more accurate than by ANSYS.
FROST 3D has the highest speed of computation. In
addition, FROST 3D phase transition front was the
closest to the analytical solution.

Such different computational results can be explained
by differences in the used numerical methods. ANSYS
and COMSOL is based on implicit formulation of the
finite-element method, with a problem of convergence
of numerical method for solving three-dimensional
problems. FROST 3D is based on explicit formulation
of the finite-difference scheme that is the best solution
for the considered problem in 3D.

Summary

Comparison of such software packages as ANSYS
18.0 Thermal, COMSOL 5.2a, Frost 3D Universal 3.0
with the analytical solution of the Stefan problem was
considered.  The comparison results showed that
FROST 3D have the better convergence with the
analytical solution. Good results were shown by
COMSOL and ANSYS, but the COMSOL
computational time was greater, in comparison to other
software packages.
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Abstract

With global warming in recent years, thawing of permafrost has been accelerated seriously. By the thawing of
permafrost, topographical deformation such as landslide occurs. This deformation of the terrain gives severe damage to
the infrastructure in cold regions. However, thawing process of permafrost has not been fully studied until now. This
study is aimed at the elucidation of thawing process and proposing the efficient countermeasures to slope collapse by
using both indoor experiment and numerical analysis. Especially in this paper, we focus on the influence due to moss
layer, a vegetation layer with high thermal insulating performance, to topographical deformation. As a result, both
experiment and numerical analysis indicated that the moss layer plays an important role in delaying progression of

collapse.

Keywords: thawing; insulation; topographical deformation; FEM; moss layer; global warming.

Introduction

With the climatic change in recent years, thawing of
permafrost has been accelerated seriously (Anisimov &
Reneva, 2006). Once frozen soil thaws, the ground loses
its bearing capacity. As a result, topographical
deformation may occur in wide areas such as landslide
ot subsidence (Nelson ¢ al, 2001). This terrain
deformation gives severe damage to the infrastructure in
cold regions. However, the thawing process of frozen
soil is not yet well understood.

This study is aimed at the eclucidation of thawing
process and proposes the efficient countermeasures to
slope collapse by using both indoor experiment and
numerical analysis. Especially in this paper, we focus on
influence due to moss layer, vegetation layer with high
thermal insulating performance, to topographical
deformation. We conducted experiment with styrene
foam as an insulating layer to observe the influence of it.
In the numerical analysis, FEM was used to obtain the
internal thermal distribution by simulating the same
situation as indoor experiment.

Indoor Experiment

The purpose of this experiment is to clarify the
influence of the thermal insulating layer on the fracture
of surface. We observed the temperature change of the
specimen with collapse, as well as the angle of collapsing
surface.
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The apparatus used for the experiment consists of
acrylic plates and a heat circulation system. As a
fundamental experiment, we chose glass beads with a
diameter of 5mm. The making procedure of the model
foundation is as follows.

First, glass beads are filled in the container and fully
saturated. On the foundation, granular styrene foam is
put to cover the surface. However, only the left part of
the sutface is covered by the styrene foam to compare
its insulation ability as shown in Figure 1 and Figure 2.
After those preparations, the container is kept in a cold
room with a temperature of -15 °C until the foundation
is completely frozen. When we observe the thawing
process, the heat circulation system is set at the top of
container to promote thawing.

13cm
< 50cm

@ thermometerl  insulating

@ thermometerz | MO™
insulating

Figure 2. Plan view.

Figure 1. Bird’s eye view.
Numerical Analysis

Although the temperature change with thawing is
monitored by thermometers, the number of monitoring
points is limited. Then, the authors introduced Finite
Element Method to simulate the temperature
distribution. Figure 3 illustrates the FEM model.
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The model foundation is located at the center of the
model and boundary zones encircle the foundation to
simulate heat transfer. The height and the length of the
foundation are 12 cm and 50 cm respectively. All the
clements are in squared shape of 5 mm. As an initial
condition, the temperatures at all nodes are assumed as -
6 °C. The conditions of outside boundaries at the top
and left for convection are fixed at 60 "C according to
the circulated air temperature. At the right and bottom
boundaries, thermal conduction through acrylic plates is
taken into consideration and the temperatures of those
are kept at 20 °C as same as the room temperature
during the experiment. The simulation was carried out to
confirm the temperature distribution by comparing with
those by the thermometers.

4cm

50cm

Figure 3. Analysis model.

Results and Discussion

Figure 4 shows pictures of typical experimental result.
The insulation layer is placed in the back-side half of the
pictures. At 6 hours after thawing, the slope with
insulation layer shown by red line keeps a rather steeper
angle than that without insulation illustrated by yellow
one. However 16 hours passed, those angles converged
to almost same, and the angles of those could be
explained as the resting angle of the material.

Figure 5 shows temperature changes with time at the
monitoring points. Right after the heating, they go up
towards 0 °C and keep almost constant around 0 °C
because of the effect of latent heat. When the frozen
part is completely thawed, they go up again as the figure
shows. At the positive side in the temperature after
thawing, the temperature changes of the experimental
result look little different from those of the analytical
one because the FEM model could not consider the
deformation of the foundation due to collapse. However,
the authors think that the simulation of temperature
distributions in thawing process could be appropriately
evaluated. Figure 6 shows the temperature distributions
within the model after 6 hours.

On the other hand, Figure 7 shows the changes in
temperature distribution in vertical section at 8 cm inside
from the left end of the region. From those figures, it is
confirmed that the existence of insulation layer affects
the thawing process as well as the collapse mechanism.
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After 6 hours After 16 hours
Figure 4. Experiment pictures.
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Figure 7. Temperature distributions in a vertical section.

Summary and Prospects

Experiment and analysis proved that the thermal
insulation layer plays an important role in delaying the
progress of thawing. Therefore repairing and protecting
the moss layer is an effective measure to minimize the
damage due to topographical deformation. In the near
future, we plan to establish FEM model which can
consider the collapsing deformation more precisely by
coupling DEM or others.
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Extended Abstract

The site is located in the Town of Inuvik, Northwest Territories, Canada, on the shore of to the East Mackenzie River
Channel. The new development involves an expansion of the existing water treatment plant, deepening and widening
the existing Duck Lake, which will be used as a settlement pond, construction of a pump station near the channel and
installation of a new water intake pipeline to transfer water from the river channel to the settlement pond (Figure 1).

Field investigations were conducted including borehole drilling, ground temperature measurements, laboratory tests
of thawing soils, and geothermal modeling. The results revealed that frozen soils were presented by clayey silt with
various amount of gravel with mean annual temperature in a range from -1.0°C to -1.5°C. A talik with temperatures
ranging between 0.3°C and 1.9°C was observed along the south and east boundaty of the lake.

Based on the results of investigation, adfreeze piles using gravel slurry were determined to support the new addition
of the plant. In order to reduce the potential frost heave, a bond breaker, consisting of heavy cold climate grease was
applied directly to the piles and wrapped with two layers of greased polyethylene sheets. A total number of 180 piles
was installed and construction monitoring was performed to monitor pile installation. Five pile locations were selected
to monitor freeze-back temperatures of the slurry after pile installation and two of which were selected to carry out a
long term ground temperature monitoring. Once freeze-back occurred and the adfreeze piles gained the specified
capacity, construction of the water treatment plant on top of the piles was taken place.

There were approximately 100 wooden piles supporting the existing building and approximately 40 wooden piles
supporting the existing water pipeline from the channel to the water treatment plant. All piles were visually inspected
for rot, mechanically damage and creosote. In addition, selected piles were exposed below grade for integrity assessment
via coring.

During the initial stage of the project, expansion of the lake toward the channel for the purpose to increase the raw
water storage capacity was considered. An increase of the water volume would result in a considerable increase of heat
flux from the lake reservoir influencing the current dimensions of the lake talik as well as to degrade the existing frozen
core between the talik and East Mackenzie River Channel. A 2-dimensional geothermal model was developed to assess
the potential thermal impact of the lake expansion to the existing permafrost conditions. The results suggest that the
magnitude of permafrost degradation within the existing frozen core would be about 5 m to 10 m horizontally meaning
that full degradation of the permafrost between the lake and the channel is unlikely. Due to environmental issues, it was
determined at the final stage of the project that pumping water directly from the Channel directly to the water treatment
plant was adopted rather than deepening and extending the lake as a water storage.

The inlet of the water pipeline is located about 200 m from the shoreline and secured with concrete pipe collars in the
bottom of the trench. The offshore boreholes including auger holes and cone penetration tests, up to 25 m depth, were
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advanced along the pipeline alignhment to confirm boundary of the expected talik zone under the East Mackenzie River
Channel.  Pore pressure dissipation tests were completed to assess the hydrostatic pore pressures at depth.
Conventional open cut trench method and horizontal directional drill method were considered for the offshore section
of the water pipeline. Advantages and disadvantages of the considered options are discussed in the paper.
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Figure 1: Inuvik Water Treatment Plant Location Plan
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Abstract

This contribution presents a case study of permafrost geotechnical conditions in Qaanaaq, one of the northern-most
communities in Greenland. Severe problems with differential settlements are observed while the community is faced
with major needs for infrastructure expansion. A combination of investigation techniques, involving geotechnical
drilling, electrical resistivity tomography and ground temperature monitoring were applied to characterize for the first
time the geotechnical conditions in the area, to support more sustainable infrastructure development. We found that
most of the town is built on relatively thaw-stable sediments. The observed problems with house foundations appear to
be mainly linked to construction practices, freeze-thaw process and slope movement in the active layer, rather than the

on-going permafrost degradation.

Keywords: Geotechnical investigations; electrical resistivity tomography; permafrost foundations

Introduction

The North Greenland community Qaanaaq (approx.
650 inhabitants, 77°N) was established in 1953 when the
Danish authorities forcefully moved an inuit settlement
from Uummannaq, during and due to the construction
of the nearby Thule Air Base. Qaanaaq is located on a
permafrost affected coastal slope. Houses in some parts
of the community are severely affected by differential
settlements and essential infrastructure is threatened by
climate-induced changes. The community water supply
is based on water from the river during four summer
months. In winter, ice from icebergs, grounded by the
sea ice, is collected and melted. In the intermediate
periods (when the river is dry and the sea ice not yet
stable enough to allow operation with machinery), water
is stored in large tanks.

A change in seasonality has resulted in a shorter
period for operating on the sea ice. Combined with
population growth and a generally increased demand, an
increased storage capacity and extraction capability is
urgently needed.

No previous detailed geotechnical investigations have
been conducted in the Qaanaaq area, in spite of the fact
that the community is expanding and a 900 m gravel
airstrip has been built. Here we present the initial results
of  systematic, extensive and multidisciplinary
geotechnical investigations undertaken in the summer of
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2017. The aims were to understand the geotechnical
setting in QQaanaaq and document permafrost conditions
and material properties, in order to determine the cause
of the observed damages, and provide guidelines for
future infrastructure development in the area.

The combination of methods presented in this
contribution involves geotechnical drilling, Electrical
Resistivity Tomography (ERT) mapping and ground
temperature monitoring,

Site description

Qaanaaq is situated in an area of continuous, cold
permafrost. The town extends on both banks of a river,
which divides the town into an eastern part (older) and a
western part (newer housing development area).

The bedrock in the area consists of Archaean-
Proterozoic gneisses and amphibolites, which ate
overlain by late Protorozoic sandstones and

conglomerates belonging to the Thule Supergroup. The
rocks are cut by dolerite dykes (Dawes, 1997).

The air temperatures records from Qaanaaq document
a 2 °C increase in mean annual air temperature (MAAT)
over the past four decades, from -10.6 °C (average 1965
to 1979) to -8.6 °C (average 2002 to 2016) (Cappelen,
2017). The area has very little precipitation and almost
no snow cover in winter, due to local wind conditions.
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Geotechnical drilling

A total of 23 boreholes were drilled using a
Nordmeyer DSB-3 rig and a custom-made hollow stem
auger system for coring frozen fine grained sediments,
and standard rotary drilling or DTH hammer for coarse
material and sandstone. The boreholes were terminated
at varying depth of up to 20 m b.gs. A few of the
boreholes reach the sandstone basement, which is found
most shallow east of the town (at depths from 6 to 18 m
b.g.s.). The sedimentary deposits consist mainly of
gravels and sands, with occasional layers of silts and
clays. The material is varying shades of yellowish-brown
in color, with some distinct dark grey to black horizons.
The coarse material is dry, with typical gravimetric water
contents below 10 %. Water contents of up to 50 % are
occasionally found, mainly in samples close to the
permafrost table, and massive segregated ice was seldom
encountered. The frozen cores of fine grained materials
have not yet been classified except for visual description.

Thermal state of permafrost

Dataloggers and thermistor strings were installed in 13
of the boreholes (7 to 20 m in length). Preliminary
ground temperature measurements from end of August
show thaw depths in the eastern part of town in the
range from 1.3 to 2.5 m (indicative of active layer
thickness), with ground temperatures between -7.1 and -
53 °C at 7 m depth. The western part of town is
noticeably colder, with end of August thaw depths
ranging from 0.9 to 1.8 m, and ground temperatures
down to -8.5 °C at 7 m depth.

A consistent trend throughout the area, ground
temperatures in boreholes at the lower part of the
coastal slope ate colder and exhibit a shallower thaw
depth (active layer thickness) than do those in boreholes
at higher elevations further from the shore. Weather this
trend is coupled with variations in sediment types,
hydrological processes, or other factors is not yet
established.

Furthermore, the ground temperature profiles in the
town area are typically warmer, but also show larger
spatial variation, than ground temperature profiles
measured in an undisturbed reference area east of town.

ERT surveys

Extensive mapping with Electrical —Resistivity
Tomography (ERT) provided information about spatial
variability of ground conditions in the area. Tomograms
from both sides of town reveal a high contrast three-
layer resistivity structure with a low-tesistive active layet,
below which a highly resistive layer (5-10 kQm)
correspond to the upper part of the permafrost. At

157

depths below 5 m a very low resistive layer (<200 Qm) is
observed throughout the area. While in other parts of
West Greenland, such low-resistivity anomalies are
typically indicative of partially frozen saline fine-grained
marine sediments, in Qaanaaq the geotechnical drilling
did not indicate wide spread occurrence of such
sediments. The distinctive layers of dark sand are
speculated to be the cause of the low resistive anomalies,
and will be the focus of upcoming laboratory and
modelling studies to investigate mineral composition, as
well as thermo-mechanical and electrical properties.

Discussion and Conclusions

Our investigations have documented that Qaanaaq is
constructed on a coastal slope of relatively coarse-
grained sediments affected by continuous permafrost
with temperatures from approximately -5 °C to -8.5 °C.
The sediments are typically dry with little segregational
ice. However, frost-susceptible fine-grained sediments
were observed, most notably in the western part of
town, where also the most issues with differential
settlements occur. Foundations are typically shallow
wooden foundations embedded in a gravel berm. Over
the past four decades, the mean annual air temperatures
have increased by approximately 2 °C in the atea.
Interestingly, over this period, the typical foundation
depth seem to have decreased from approximately 1.7 m
to around 1.2 m. Furthermore, several of the
investigated berms were constructed of frost-susceptible
materials with poor drainage. Thus the observed
problems seem linked more to construction practices,
freeze-thaw process and slope movement in the active
layer, rather than the on-going permafrost degradation.
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Abstract

Study and control over the soil bases of buildings and structures under construction and operated ones, located on
permafrost soils is a challenge that must be met by surveyors, designers, builders and building operation and
maintenance services. The studies catried out in Russia and abroad showed the applicability and effectiveness of CPT
application on permafrost soils, particularly when using the electrical CPT cone penetrometers equipped with additional

sensors and devices.
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Study and control over the soil bases of buildings and
structures under construction and operated ones, located
on permafrost soils is a challenge that must be met by
surveyors, designers, builders and building operation and
maintenance services. Despite the relevance of this
problem and the efforts made in recent years in Russia
to develop and improve new approaches, techniques and
equipment, it has not been handled yet. The current
standards do not adequately illustrate the issues
concerning control over soil bases, and the potential and
experience of the new in-situ express methods are not
sufficiently used for soils. CPT holds a special place
among the in-situ express methods. The studies carried
out in Russia and abroad (Blouin, S. et al. 1979; Woellet,
D.J. et al. 1991; Buteau, S. et al. 2005; Fortier, R & Yu,
W. 2012; Adrian B. McCallum et al. 2014; Ryzhkov, 1.B.
& Isaev, O.N. 2016) showed the applicability and
effectiveness of CPT application on permafrost soils,
particularly when using electrical probes equipped with
additional sensors and devices.

The CPT cone penetrometers on permafrost may
additionally include: a temperature sensor (T-CPT, RT-
CPT, HT-CPT, T-CPTU); a temperature sensor and a
heat element (HT-CPT); a pore pressure sensor (CPTU,
T-CPTU, R-CPTU, S-CPTU); an electrical resistivity
sensor (R-CPT, RT-CPT, R-CPTU); a seismic-acoustic
sensor (S-CPT, S-CPTU); a gamma radiation sensor
(GR-CPT); a gamma-gamma radiation sensor (GGR-
CPT); a neutron-neutron radiation sensor (NNR-CPT).

Applicability of the cone penetrometers with regard to
soil conditions (Table 1) depending on the type of
penetrometer, degree of soil dispersion (gravel-pebble,
sandy, clays) and state of soil (thawed, plastic-frozen,
hard-frozen).

Applicability of the cone penetrometers with regard to
objectives of control depending on the type of
penetrometer and objectives of control. With the help of
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the cone penetrometers it is possible to control the
following geotechnical parameters (Table. 2): types and
varieties of soils and engineering geological sections;
groundwater level; soil temperatures and thermometric
wells; condition of soils; boundaries between thawed and
frozen soils; salinity of soils and detection of cryopegs;
corrosiveness of soils; consolidating of thawing and
hardening of freezing soils; possible liquefying of thawed
sands in dynamic and seismic effects; parameters of
seismic microzoning of permafrost and thawed soils;
physical and thermophysical properties of soils; strength
and deformation properties of soils; mechanical
properties of frozen soils with regard to their thawing;
load-bearing capacity of foundation soils; quality of
geotechnical works in foundation engineering.

Table 1. Applicability of the CPT cone penetrometers with
regard to soil conditions

Dispersed soils

Thawed Frozen
3 »
s = =2
Probe g o o
2 =] =]
= § § g
3 o) o) IN
o & & 9 )
i) @ O O o i
> (2 = = o
O o O & & T S
Probes without heat elements
CPT, T-CPT, R-CPT, RT- A A C c ¢
CPT,S-CPT,GR-CPT,GGR- C ' &
CPT, NNR-CPT, CPTU, T-
CPTU, R-CPTU, S-CPTU
Probe with a heat element c A- A-  B- A- B- B-
HT-CPT © B B D B C C

Notes: The table illustrates domestic and foreign experience on
applicability (possible pushing) of an electrical probe in various soil
conditions. Applicability: «A» — high, «B» — medium, «C» — low; «D»
— the probe is not used.
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Table 2. Applicability of the CPT cone penetrometers with regard to the objectives of control

3 8
& & E g =
< 5 0 . =) ()
g 2 9 = 8, B b2 .
s 4 4 § ¢ 5 8 % §EP.og ¢ § &
-3 [3) 3 b5} o B2} = oy | g & o .g N |3}
Type of 0 5 v 3 = 0 o 5 3} o2 -~ & s¢8 = o g 9 <
g 28 2 & B¢ 2o, 3 £ 82 ¢ F § & &
probe T B g8 g Y 5% B g 8§ Bt g % D @8 § B &g O
T §8 %8 B-otg.e § 5 g8 p & &£ B vE @ 5 o® ¥
g B £
$ B E § $§§3%: :32 52y B % T ozszE b g i
o 58 E SoF&Egfg g EcEE S £ E 3 EZ % A ®Jgs B
o o 3} edE 3 g 2 .5 8 €2 £§8 % g — — 3} 8 8« ¢ — S 5 0
= = 3 < S 208 8 1 o) Q83 &5 ©O.5 1) o) < g Q 2 H S g =
F Owvw H #a8mMmMI0hn O Oa/mEAa™®® o P E = =28 O 1%} »n AT A
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
CPT B/C - - C/B B C B - B - C C/- - - B - C/- B - A
T-CPT B - A C/B A A A - - B - C C/- - C B - C/- B - A
R-CPT B/C B - C/B B C A B B B - C C/- C - B - - C/- B - A
RT-CPT B B A C/B A A A B B B - C C/- C C B - - C/- B - A
HT-CPT B - A C/B A A A - - B - C C/- - B B - - C/- B B A
S-CPT A/C - - ¢C)B B C B - - B B B c/- - - B - - B/ B - A
GR-CPT A/C - - C/B B C B - - B - C C/- - - B - C/- B - A
GGR-CPT B/C - C/B B C B - B - C A/B - B - - C/- B - A
NNR-CPT B/C A - C/B B C B - - B - C C/- A/B - B - - C/- B - A
CPTu A/C - - C/B A-B C B - - B - C C/- - - B - B B/- B - A
T-CPTu A/C - A C/B A A A - - B - C C/- - C B - - C/- B - A
R-CPTu A/C B - C/B AB C A B B B - C C/- C B - B B/- B - A
S-CPTu A/C - - C/B A-B C B - - B B B C/- - - B - B B/- B - A
Notes:
1. Applicability: "A", "B", "C" — the probe is used; "-" — the probe is not used.

2. Applicability: "A" — high, "B" — medium, "C" — low.

3.1n the numerator — for thawed soils, in the denominator — for frozen soils.
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Abstract

Roads in permafrost zone undergo significant deformations. Field studies were conducted in the largest industrial
center of the permafrost zone (Norilsk) and causes of the destruction of transport systems were identified.

Keywords: permafrost, climate, dangerous cryogenic processes, road deformations

Introduction

Norilsk Industrial Area (NIA) is one of the largest
industrial centers in the permafrost zone. Large ice
content in the rocks, diverse landscapes, high snowstorm
activity etc. provoke negative impact on the stability of
the local transport network, which is about 1200 km
long. Climate change (Malkova e# al., 2012), observed in
the recent decades, may explain enhancement of
cryogenic processes, intensifying deformation of objects.

Observation and results

Examination in 2005-2017 revealed considerable road
deformations in the NIA. Possible reasons of bad
situation can be divided into 3 groups: 1) associated with
slope processes; 2) dealt with extra-cooling; 3) developed
due to heating of road foundations and adjacent areas.

The first group includes road deformations caused by
solifluction, water-snow flow activity and movement of
rock glaciers (Grebenets e al, 1998). This group of
deformations within NIA is prevalent mainly at the
foothills and leads to catastrophic destruction of the
roadway by landslides, blockages and embankment
shifts. Activation of slope cryogenic processes is
aggravated by recent increase of winter snow
accumulation (Malkova ez a/., 2012).

The second group includes deformations owing to
supercooling of asphalt pavement, road embankments
and road cut slopes induced by snow removal. Hence,
ice wedges, sometimes filled with ice, are formed;
conditions for frost heaving of road embankments
(Isakov & Grebenets, 2017 ) and for the formation of “a
frozen screen" are created, causing a flood of
groundwater onto the surface and formation of icings up
to 150-170 m long. These deformations are evenly
distributed over the NIA territory. Answering the

present climate trend towards increase of mean winter
air temperature, one should anticipate activity of these
processes decreasing to a certain extent. Nevertheless,
cryogenic weathering of the roadbed is observed
everywhere.

The most widespread ate deformations of the third
group associated with degradation of heavily iced frozen
grounds at the basement and directly along transport
corridors.

Deformations of this group are spread mostly in the
flat terrain parts of the NIA within heavily iced soils of
the Valyok lacustrine-alluvial plain. They are represented
mainly by subsidence of the roadbed, by settling of the
road slopes, by wave-like deformations due to
thermokarst (fig.1.)

01-09-17 16:58

Fig.1. Deformation of roads during permafrost retreat.

The detailed study [1] showed the mechanism of their
development being self-sustaining and associated with
widespread fine-dispersed iced rocks and natural
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thermokarst hollows as well as with snow and liquid
accumulation at the foot of embankments.

The activation of deformations results primarily from
climate changes in the region. Increasing snow
accumulation, that provokes further activation of
unfavourable processes, plays decisive role in case of
deformations of the first group. For the second group,
relative softening of winters means weaker manifestation
of deformations. For the third group, a certain
relationship between winter warming and increase of
both liquid and solid precipitation is deduced, but local
geocryological and technogenic conditions would play a
greater role.
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Abstract

In the permafrost zone, the reliability of the operation of transport systems depends on many natural and
technological parameters. The most important parameters of road basements are the temperature and ice content. We
present a predictive model showing the ice formation of frozen grounds in the natural grounds under road basement.

Keywords: permafrost, road deformations, ice content, active layer.

Introduction

The construction of roads significantly alters the
temperature conditions in the permafrost grounds. The
changes may result in thawing of frozen grounds, or
temperature state withstand, or even decrease in upper
ground layer temperature (Isakov, 2015). When the
temperature of frozen grounds decreases, some of the
unfrozen water turns into ice, resulting in the ice content
volume and causing the development of frost heave. The
accumulation of ice at the basement of a road poses a
danger due to wuneven heaving and subsequent
subsidence. The latter may trigger the thermokarst
formation.

Results and obsetrvations
New ice formation in soils occurs mainly in two ways:
in situ freezing of gravity and film water or as a result of
migration of unfrozen water.

The research presented included a forecast modeling
of the temperature regime at the road basement along
with an estimation of the amount of unfrozen water in
the soils at different temperatures, and a change in the
volume of the frozen soil due to the transition of some
of the unfrozen water into ice. We used a section of the
motor road near Urengoy, where significant
deformations were registered. Detailed investigations
revealed ice layers of 0.3 m up to 1.5 m tick at the
basement.

The study site is typical of discontinuous high-
temperature permafrost. The temperature of frozen
grounds at a depth of 10 m was -0.5 ° C before the
construction began, the natural soils are ice clay loams.
The configuration of the embankment, the thermal
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physical properties of the soils, and the meteorological
data in the model were collected via of field
observations. The assessment of the change in the
content of unfrozen water was carried out according to
the methodology set out in Russian national survey
standards, the dynamics of the ground volume was
based on the predicted change in the ice content under
additional freezing.

The forecast modeling resulted in the ground
temperature at the basement of the embankment with a
height of 1.7 m to be -1.4 © C, when the quasistationary
temperature regime is reached after 50 years of
operation at a depth of 10 m. Unfrozen water content
on average is estimated to shrink by 20% down to 0.08
unit fraction. The ice content the top 10 m layer will
increase by 3.5%. The equivalent thickness of the newly
formed ice was calculated as the sum of the volumetric
changes in frozen soils due to the transition of water to
ice in a thickness of 10 m and is estimated to be 0.37 m.
This is expected to result in the compaction of frozen
soils, and some will manifest in an increase in sutface
under the embankment.

In winter, the soils undergo a considerable cooling to
the depth of 5-7 m. The temperature of the frozen soil
beneath the embankment basement reaches -15 ° C at
the end of the cold season, which tresults in a 2-fold
decrease in the content of unfrozen water and an
increase in the ice content by 8% (up to 0.32 unit
fraction). The equivalent thickness of the newly formed
ice at the base of the embankment during winter is 0.25
m, of which 0.16 m is in the upper 2 m layer of natural
grounds, which will contribute to the development of
seasonal heaving and uneven subsidence.
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The investigation results show that the in situ
formation of ice from unfrozen water can be the cause
of long-term and seasonal frost heave at the basement of
road embankments. This process is particularly
dangerous to the southern permafrost zone regions,
where one observes high temperature of frozen grounds
along with clay soils being wide spread of. Another
potential hazard is related to the sections of
embankments built over non frozen grounds, since these
may freeze due to changes in heat exchange conditions
during road construction.

Anknowledgements
The work is executed at financial support of the
Russian Geographical Society grant Ne05\17: “Modern
conditions and dynamics of dangerous cryogenic
processes, influencing on existing and prospective
transport network of the Siberea and Far East”.

References
Isakov V.A. Temperature state of road embankments
in the cryolithozone. MSU Vestnik. Series 5: Geography,
Ne3, 2015, 25-34 pp. (In Russian).

163



Flexible and ductile pipeline: innovative structure in permafrost regions under the
climate change

Shunji Kanie!
Hao Zheng?
Taichi Iwamoto?
'Faculty of Engineering, Hokkaido University, kanie@eng.hokudai.ac.jp

*Facnlty of Engineering, Hokkaido University
’Graduate School of Engineering, Hokkaido University

Abstract

During the past half century, arctic regions have been developed as a new frontier for acquisition of natural resoutrce
as well as for improvement in their living circumstance. In the next half century, however, some change in
environmental condition may be caused by the climate change, and the infrastructures in those regions should be
prepared to cope with the change. Thawing of permafrost causes erosion and landslide, for example. In the case of
pipelines, they are crossing over quite wide area in perm