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Welcoming Remarks

I am honored to welcome the participants to the Tenth
International Conference on Permafrost—TICOP.

This conference marks a milestone for permafrost research
in many ways. First, obviously, because it is already the
tenth time the permafrost community has met to present
and exchange knowledge on science and engineering.
Ten is a large number when one considers how recently
the term “permafrost” was coined; it is also a very small
number in light of the growing awareness of permafrost’s
overwhelming relevance to the Earth climate system.

Second, TICOP is significant because forty years have
passed since the conference was last held in Russia. The last
one was in Yakutsk in 1973. It is the Russian Federation’s
honor to have been given the assignment to organize the
conference once again, this time in Salekhard in the Yamal-
Nenets Autonomous District.

Third, and lastly, this conference is important because
permafrost science and engineering has entered a new era
with an explosion of the number of papers published and
the rapid transformation of permafrost research into an
increasingly multi- and interdisciplinary endeavor.

Permafrost science and engineering has managed to
transcend scientific and engineering disciplines to answer
and develop new scientific questions relevant to the entire
Earth climate system. This, in return, has prompted an
incredible awareness about permafrost in an increasing
number of scientific communities that traditionally were
uninvolved with it. Additionally, the media, decision-
makers, activists, teachers, and of course the general public
have grasped the issue in one way or another.

A simple search on the internet shows that not one day
passes without a news item appearing in reference to
permafrost. Permafrost thaw and its consequences form
the bulk of this growing interest. The threats to northern
and mountain infrastructure, the destabilization of thawing

permafrost coasts, the increased microbial breakdown of
subsurface organic matter leading to the release of carbon
dioxide and methane, and the seeping of methane stored
as gas hydrates all have huge potential consequences for
inhabitants of permafrost regions and beyond. Therefore,
the need for international collaboration is more pressing
than ever.

In this context, the Tenth International Conference on
Permafrost, held in Salekhard in June 2012, takes place at
the right time and in the right place (i.e., on permafrost).
With more than 350 presentations, more than 200 papers
published in the proceedings, and more than 600 expected
participants, TICOP will open the floor to the presentation
and discussion of the newest results in permafrost research
and engineering. The conclusions that will stem from
the conference will crystallize the state of the art. They
will highlight the importance of permafrost research and
engineering for areas at risk, and they will focus on the
consequences of permafrost thaw for the Earth climate
system.

On behalf of the International Permafrost Association,
I would like to congratulate the local organizers of the
conference. They have put together an excellent program
with a variety of scientific sessions and social events that
will allow the participants to understand what it takes to live
on warming permafrost. They have made a special effort
to involve young researchers from all over the world, and
they have awarded 150 of them with a stipend covering the
registration, accommodations, and travel to the conference.

I wish all of you an excellent conference filled with the
exchange of knowledge, exciting results, and many fruitful
discussions with colleagues and old and new friends.

— Hans-Wolfgang Hubberten, President,
International Permafrost Association
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Preface

Since the Second International Conference on Permafrost,
held in 1973 in Yakutsk, permafrost science and engineering
has witnessed the ever-increasing need for new knowledge
and understanding, within Russia and the Former Soviet
Union and throughout the international cold regions com-
munities. The Tenth International Conference on Permafrost,
held in Salekhard, provides the venue for the exchange of
current information and knowledge concerning the dynam-
ics of permafrost regions, their roles in global change, and
challenges for development and environmental protection.

At its June 2010 meeting, the Council of the Interna-
tional Permafrost Association approved the preparation of
proceedings of peer-reviewed papers for the Tenth Interna-
tional Conference on Permafrost. The resulting two-volume

proceedings are the result of a collaborative effort between
the U.S. Permafrost Association and the Russian Organizing
Committees. Many of the review and production procedures
and software that were developed for the Ninth International
Conference on Permafrost were utilized. Volume 1 contains
the English language papers, and Volume 2 the English
translations of Russian papers; all were submitted electroni-
cally by autumn 2011. A total of 82 papers from 13 countries
are presented in Volume 1. Volume 2 contains 107 Russian
papers that were reviewed and translated in Russia, and sub-
sequently read and edited in North America. A companion
volume of approximately 370, two-page Extended Abstracts
from 15 countries was prepared by the Russian organizers.

Acknowledgments

The International Permafrost Association and the Russian
organizers of the Tenth International Conference on Perma-
frost acknowledge the many individuals and sponsoring or-
ganizations that made the production of these two volumes
possible. The Governor of Yamal-Nenets Autonomous Dis-
trict, Dmitry N. Kobylking, and Vice-governor Aleksander
V. Mazharov, as co-chairs of the local TICOP Committee,
provided support and advice throughout the conference or-
ganizational process. They were ably assisted by staff mem-
bers Aleksey Titovskiy and Irina Voronova. Members of the
Earth Cryosphere Institute, Siberian Branch of the Russian
Academy of Science (SB RAS), and Anna Kurchatova and
Sergey Turenko of Tyumen State Oil and Gas University all
provided guidance and important administrative services in
the preparation and publication processes. The U.S. Perma-
frost Association (USPA) provided administrative assistance
for the editing and final camera-ready layout.

Review of the Russian papers was coordinated by the se-
nior co-editor Dmitry Drodzdov. Translation of the Russian
papers was coordinated by Irina Voronova, Salekhard, and
performed by a team from the Translation Laboratory, Fe-
dorov Institute for Translation and Interpretation, St. Peters-
burg University. Each translated paper was read by either a
Russian-English speaking permafrost specialist residing in
North America and/or by several other specialists in the U.S.
The purpose was to improve the translation of terminology
and to produce a more readable text. However, considering
the limited time available, some text may not be easily un-
derstood. If a question arises, the reader is referred to the

original Russian text that is published in a separate TICOP
volume. Some titles of papers were edited and some key-
words were added or deleted in order to maintain consis-
tency between papers.

Readers included Mikhail Kanevskij, Yuri Shur, Vladi-
mir Romanovsky, and Ben Abbott, University of Alaska
Fairbanks; Nikolay Shiklomanov and Dmitry Streletskiy,
George Washington University; Vladimir Roujanski, EBA
Canada; Kevin Bjella, Cold Regions Research and Engi-
neering Laboratory, Fairbanks; and Jerry Brown, Woods
Hole, MA. Final editing and preparation of the camera-
ready copy of both volumes were completed in Fairbanks,
Alaska, by Tom Alton, copy editor, using Microsoft Word
and Adobe InDesign.

The resources of the U.S. Permafrost Association based
in Fairbanks, Alaska, were provided through GW Scientific
and the expertise of Engineering and Environmental Internet
Solutions (EEI), and particularly Gary Whitton. The Inter-
national Arctic Research Center, University of Alaska Fair-
banks (UAF), provided logistical support for copy editor
Tom Alton. Two major sponsors helped defer U.S. costs for
the preparation of the proceedings: BP and Arctic Founda-
tions, Anchorage. Funds for the publication of both volumes
were provided by the government of the Yamal-Nenets Au-
tonomous District.

— Jerry Brown, Volume Coordinator,
U.S. Permafrost Association
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Permafrost Conditions in the Polar Regions of Mars

O.N. Abramenko, V.S. Isaev, I.A. Komarov
Lomonosov Moscow State University, Faculty of Geology, Geocryological Department, Moscow, Russia

Abstract

Reported are recent data on the thickness, composition, and structure of the polar ice caps of Mars. The time and space
patterns and variation amplitudes have been estimated for the radiation budget and mean monthly temperatures of the

ground surface on a spatial grid of polar Mars.

Keywords: Mars; radiation heat budget; permafrost conditions; polar deposits.

Introduction

The ample body of recent evidence has considerably
enlarged and dramatically changed the views of the
atmosphere, climate, and surface of Mars, which is becoming
the principal target of many research projects. With the
available data of climate monitoring, the information on any
point of the planet can be almost as precise as that for planet
Earth. Thus the knowledge of Mars has been raised from
hypotheses up to a qualitatively new level.

Background

Obviously, the Mars polar ice caps, which control
the particular high-latitude landscape patterns, provide
irrefutable proof of the existence of permafrost. The ice
caps are often called perennial or residual, as they persist
throughout the summer season (after the seasonal CO, snow
cover disappears). These are Mars’s largest permafrost-
glacial structures, with stepped surfaces cut by concentric
scarps and V-shaped valleys that twist spiralwise around the
cap center in a vortex-like feature (Fig. 1).

The south and north polar caps may extend to 50°S or
50°N, respectively, depending on the season or seasonal
change. As the caps retreat in spring in the respective
hemispheres, there emerge different landforms of the
planet’s surface: polygons, dunes, and others.

The polar deposits consist of CO, and H,O ice up to 3700
m thick, according to data from the Mars Express satellite.

As a result of spring thawing, the atmospheric pressure
increases substantially and drives large masses of gas to the
opposite hemisphere, with a wind speed of 10 to 40 m/s, or
sometimes as high as 100 m/s.

The ice sheets lic over a heavily cratered old surface in
the southern hemisphere and upon a smoother terrain in
the north. The deposits of several kilometers in thickness
result from long-term accumulation of volatiles (in the form
of ice) and mineral substrate (dust). The residual, perennial
caps must be composed mostly of H,O ice, judging by
the temperature regime. Viking-2 infrared radiation
spectrometry of the Mars surface shows that the north polar
cap and the adjacent area is never colder than 203 K (-70°C)
in the summer season, implying that the existence of CO,
and gas hydrates at that time is unlikely.

Currently the north ice cap covers a much larger area than
the southern one (1000 km and 300 km across, respectively)
and is commensurate with the Greenland ice sheet (Kieffer
et al. 1992). The difference is due to the perihelion position

of Mars (the closest approach to the sun) during the summer
of the southern hemisphere, whereby the latter receives
more sunlight than the northern cap. The relative amounts of
incoming sunlight in the polar regions are controlled jointly
by the precession cycles of the orbital perihelion (72 kyr)
and the planet’s spin axis (175 kyr) (Kieffer et al. 1992).

The dome-shaped caps of thick ice and dust layers are
reasonably assumed to be plastic under long-lasting loads.
However, it remains unclear whether plastic strain may
exist in the polar ice sheets because ice loses its plasticity
at temperatures below -70°C as a result of lattice change.
The flow point of this ice (the minimum load at which ice
begins to flow) is extremely high compared to the normal ice
while the relaxation time is much longer than in the ice of
the coldest Antarctic regions.

However, the material is likely to have experienced
plastic deformation given the great thickness of the ice caps
(a few kilometers), their old age (hundreds of million years),
and temperature rise with depth. Successive deposition
apparently increased the stress in the overlying layers while
plastic strain grew correspondingly, bringing the material to
irreversible progressive flow. The ice-rich layers below may
have been extruded and flowed off into the cap’s periphery.
The spread of material was possibly uneven over the caps
due to local variations in thickness and ice contents of the
deposits, in the underlying surface topography, and climate-
driven temperature change.

Mars differs from the Earth in the presence of CO, ice and
in the pressure and temperature of the solid-gas equilibrium,
the latter being dependent on the annual balance of the
absorbed and outgoing solar heat. The amount of CO, ice can
be inferred from atmospheric pressures and temperatures.
Calculations using Viking Orbiter records show that 75+12
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Figure 1. North polar ice cap of Mars. A mosaic of
photographs, after Kieffer et al. (1992).
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and 110+7 g/cm? CO, is deposited as icing within the polar
caps in the north and south, respectively (Malin & Edgett
2001), more in the south where the winter season is longer.
On the average, about 25% of the whole atmosphere is
recycled in the seasonal ice caps, which influences strongly
the wind circulation.

The two poles differ in the amount of seasonal CO,
sublimation, partly because of a difference in albedo. The
sublimation is more efficient in the darker northern cap than
in the southern hemisphere. The albedo may depend partly
on the amount and distribution of dust, but explaining any
difference solely by dust forcing is ambiguous.

The most striking difference in CO, sublimation at the two
poles is in residual ice that persists in the southern cap for at
least several seasons. The possibility of H,O storage in the
polar ice caps has important implications for the composition
of the layered deposits likely containing abundant water
ice. It is quite difficult to obtain a synthetic pattern of water
reserves by correlating data on water vapor and surface
processes. As it was calculated in 1990, from 1 to 8-102 g/
cm?ice can be sublimated for a summer season within the
north polar cap (Yokohata etal. 2002). Thus H,O vapor rising
from the cap must bear a component of regolith moisture.
Then it was concluded that the atmospheric transport of
moisture hardly may be sufficient to recharge the ice cap,
and the northern cap may thus lose a considerable amount
of H,O ice. However, one should be rather cautious about
postulating the moisture deficit since there is inconsistency
in different mechanisms of transport and the role of moisture
in the regolith.

A large amount of water vapor can accumulate also
outside the polar regions, in areas of ancient ice in dark and
“warmer” exposed layered deposits. This fact should be
taken into account in budget estimates, because although
the ice cap sublimation provides most of the observed water
vapor in the atmosphere, the latter cannot return that moisture
to the ice cap during the winter season. More control on
the H,O ice budget may come from local redistribution of
water and from chemical weathering (Yokohata et al. 2002).
Despite the fact that the layered deposits have temperatures
much below the water freezing point, fine ice grains can be
locally coated with thin water films. This effect on account
of insolation has been recorded on the equatorward sides of
V-shaped valleys with a low albedo.

Persistent dust makes the Martian atmosphere relatively
low transparent and yellowish. Dust is transported by
frequent dust storms which have been observed historically
as yellow clouds or occasionally as a continuous yellow veil
wrapping the whole planet (Kieffer et al. 1992).

The stratigraphy of the Mars polar regions is rather
intricate but leads to some classification of units that are
(1) layered deposits and adjacent ice and (2) areas on the
periphery of the layered deposits (Tanaka & Scott 1987).
The north and south polar layered deposits are much more
similar than their surrounding areas. The layered deposits lie
over a basal plain surface, which is older and more heavily
cratered in the south but younger and smoother in the north.
Residual ice lies over layered deposits at both poles.

Assessment of Permafrost Conditions

Methods for studying radiation heat budget in the Mars
polar regions

The time and spatial patterns of the surface radiation heat
budget components in the polar regions of Mars, as well as
the temperature patterns of the ground surface and near-
surface atmosphere, were investigated using the Global
Mars Climate Database produced jointly by Laboratoire
de Météorologie Dynamique du CNRS (LMD, Paris) and
Atmospheric, Oceanic and Planetary Physics, Department
of Physic (AOPP, Oxford University, Oxford, England). The
database is a system of search and calculation providing
information on climate parameters at any user-specified
time and place (point or area), with a selected stepsize from
the Mars surface. The database has a calculation subroutine
and a friendly interface, the information being presented as
maps or spreadsheets. On this basis, more than 50 maps and
tables have been compiled by processing the data on a spatial
grid for the coordinates 90°, 86.2°, 82.5°, 78.8°, 75° N and
S; 135°, 90°, 45°, 0° W; and 45°, 90°, 135°, 180° E. The
data include annual cycles of the radiative fluxes (solar and
thermal IR) on the ground and at the top of the atmosphere,
absorbed and outgoing radiation, and mean monthly surface
temperatures.

Turbulent heat transfer was found as the surface-air
temperature difference (according to GMCD), at a minimum
height of 5 m above the ground surface, multiplied by the
heat transfer coefficient. The latter was assumed to be
2-5 W/(m?xK) based on laboratory data for the terrestrial
conditions of 6 mbar and temperatures typical of the Mars
high latitudes. The heat spent for sublimation (ablimation) of
CO, or H,0O ices was evaluated from GMCD-derived mean
annual rates of the process. The CO, and H,O ice sublimation
heat was assumed to be 572 and 2816 kl/kg, respectively,
estimated with regard to the temperature dependence. The
heat flux from the ground to the ice was calculated from
mean annual temperature gradients in the near-surface CO,
or H,O ices and the temperature dependence of their thermal
conductivities known from the literature.

Estimates of the radiation budget components in the Mars
polar regions

The north polar ice cap receives no sunlight in the winter
season. The IR radiative flux of the atmosphere varies from
1.55 to 2.75 W/m? and that of the ground surface from
19.2 to 25.6 W/m?; the radiation ratio is 0.85. In the late
winter-early spring, the atmospheric density is 0.019 kg/m?,
which has been the minimum value over the entire period
of observations. As spring comes, the total solar irradiance
(TSI) is 200 W/m?, scattered radiation becomes 120 W/m?,
and the air and ground infrared fluxes grow, respectively, to
4.25 W/m? and 27.4 W/m?, while the radiation ratio remains
at 0.85; the atmospheric density increases gradually to
0.0315 kg/m?. In summer the insolation is the maximum,
TSI increases to 320 W/m?, the scattered component to
102 W/m?, and the infrared components of the atmosphere
and the surface become as high as 17.2-25.0 W/m? and
90-190 W/m?, respectively; the density increases slowly
to 0.0315 kg/m?. In the fall, the polar night comes and
CO, begins to precipitate. The amount of CO, in the cap



ABRAMENKO, ISAEV, & KoMAROV 3

reaches 64 kg/m®. The radiation components decrease: TSI
to 110 W/m?, scattered radiation to 56 W/m?, and the air
and ground infrared radiation to 2-5.2 and 22.5-40.5 W/
m?, respectively; the radiation ratio becomes 0.825-0.945,
and the density decreases to 0.024 kg/m®. The latitude-
dependent variations are very prominent as the air and
ground infrared radiative fluxes, as well as the outgoing
and absorbed components, increase toward the equator. The
longitude-dependent changes in the radiation components
may be due to variations in topography and thickness of the
polar deposits, as well as to surface slope variations in the
northern hemisphere.

In the southern hemisphere, incoming sunlight is zero
in the summer season. The atmosphere and the surface
IR fluxes are, respectively, 0.8-2 and 15.4 W/m?, and the
radiation ratio is 0.80—0.86. The atmospheric density is the
minimum in the latest winter-earliest spring (0.0122-0.0178
kg/m?). As the fall comes, the amount of insolation changes,
TSI becomes 240 W/m?, the scattered component reaches
150 W/m?, and the IR components are 3.1-4.5 W/m? for the
atmosphere and 23.1-26.3 W/m? for the ground; the density
increases gradually to 0.0535 kg/m®. In winter, the position
of the planet in the perihelion provides maximum sunlight,
and TSI is as high as 420 W/m?, the scattered radiation is
150 W/m?, and the infrared components grow to 27-41
W/m? (atmosphere) and 110-260 W/m? (ground). The
atmospheric density likewise reaches its maximum (0.098
kg/m?). The polar night comes again with spring, and the
radiation components decrease; TSI decreases to 92 W/m?,
scattered radiation is as low as 48 W/m?, and the infrared
components reduce to 1.55-3.65 and 21-33 W/m? (air and
ground, respectively); the radiation ratio is 0.85-0.88, and
the atmospheric density is 0.014-0.018 kg/m®. The latitude
zoning in the southern hemisphere is similar to that in the
northern one, and the longitudinal variations are likewise
produced by differences in elevation and slope.

The albedo data are reported as annual means for the
limitations imposed by the available database. The mean
annual albedo values range from 0.1 to 0.52, the maximum
being characteristic of the polar regions.

The annual sums of outgoing radiation are from 414 to
750 W/m? in the northern cap and from 532 to 840 W/m? in
the south. The annual sum of absorbed radiation ranges from
658 to 2016 W/m? in the south and between 702 and 1539
W/m? in the north (Abramenko et al. 2011).

Generally, the Martian climate patterns are as complicated
as the terrestrial ones, being controlled by latitudinal zoning
and the heat budget. The climate depends on weather
conditions in the warm and cold seasons as aresult of intricate
processes of radiation exchange and heat-and-mass transfer
in the system ‘ground surface—atmosphere—cosmic
space.” All of these processes are jointly reflected in the
ground temperature as an integrative indicator. Some part of
incoming sunlight goes back to the space being reflected from
clouds and backscattered by molecules in the atmosphere;
some part is absorbed by the clouds and the atmosphere. The
remaining heat reaches the surface and consists of a normal
beam and scattered larger components. The largest part of
the radiation is absorbed by the surface and only a minor
part is scattered. The short-period radiation absorbed by the
atmosphere and the ground surface is transformed into the

long-period one and drive thermal processes: condensation
and sublimation of CO, and H,O, turbulent heat transfer,
heat transport by atmospheric circulation and vortices.
When moving from west to east and from north to south
and back, air overcomes various regional heterogeneities
in the planetary shell and either gains or loses energy. The
atmosphere receives heat reflected from the surface as air
moves over the ice caps in the summer season and, on the
contrary, loses the stored energy outside the polar regions.
The reason is in the continuous “drying” of the atmosphere
in winter when air turbulence decreases with less incoming
radiation. This results from precipitation of CO,, which
neither sublimates nor recharges the atmospheric energy
resources.

Mean annual, seasonal, and diurnal temperatures of the
ground surface and their variations

The mean ground surface temperature in the insolated part
of Mars at an average distance from the sun is -43°C, and
that averaged over latitudes and seasons is -63°C. Like on
the Earth, the Mars ground temperatures vary as a function of
latitude and orography and have diurnal and seasonal cycles
with greater contrasts than in the terrestrial temperatures.
The amplitude of diurnal temperature variations on the
equator reaches ~100°. The ground is 30-50° warmer than
the atmosphere at 5 m above the surface in the day time and
is 5-7° colder in the night.

Mid-latitude seasons in the northern and southern
hemispheres have different temperature regimes because of
the orbit ellipticity.

In the same way as in the terrestrial high latitudes, the sun
does not set in summer and does not rise in winter in the
Mars polar regions. Therefore, the ground temperatures are
maximum in summer and minimum in winter. The summer
and winter ground temperatures vary, respectively, from
-63°t0 -58°C and from -138° to -128°C in the northern polar
region; the respective ranges in the south are from -43° to
-38°C and from -143° to -133°C (Komarov et al. 2004).

Itis noteworthy that Mars, with its low-density atmosphere,
cannot hold back the heat that comes to the surface in the
daytime and, hence, a great amount of heat escapes to space
in the dark time (night and polar night). This is the reason for
large diurnal temperature variations. In the most favorable
conditions, in summer daytime, air may be as warm as 293
K (MCDB) in the insolated half of the planet, but frost in
winter nights may reach 148 K. The lowest temperature
at the southern ice cap is 113 K, the average being 155 K,
which is approximately the freezing point of carbon dioxide
at the atmospheric pressure on the Mars surface. The lowest
temperature of the northern cap is 148 K.

It is important that, unlike the Earth, the Mars surface
temperature is due mostly to beam solar heat rather than
atmospheric heat transport seeking to balance temperature
contrasts. As a result, the temperature may locally (on steep
slopes exposed to the sun) reach or even slightly exceed
273 K, while the mean of the north ice cap periphery (at 82°
N) in the early summer is 235 K (Ls = 90°).

The two hemispheres on Mars differ in durations of the
warm and cold seasons and in temperatures controlled
by their approaches to the Sun; winters in the southern
hemisphere are longer and colder while summers are shorter
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Figure 2. Monthly mean temperatures in the southern (left)
and northern (right) polar ice caps along 180°. LS are solar
longitudes corresponding to months of the Martian year.

but warmer. Another feature of the cold season (autumn
and winter, Ls=210-300°") is dust storms and related climate
change, which show up in the dynamics of ice cap thickness.

Generally, the mean daily temperatures vary over the
year from 143.0 K to 272.7 K at the south polar cap and
from 147.4 K to 251.0 K in the north.

The temperature regime of the uppermost northern ice
cap, where H,O ice locally predominates, was modeled
using the HeatMars program for a one-layer subsurface
(Pustovoit 2005). Similar modeling for the southern ice
cap, which rather fits a two-layer model and is seasonally
dominated by CO, ice on the surface, was with the Teplo
(“Heat”) software (Khrustalev et al. 1994) (Fig. 2). The heat
capacities of H,0O and CO, ices in the Martian conditions
were obtained from reference books.

The abrupt temperature change at the depth 25 cm (left)
is due to the two-layer structure with CO, snow lying over
H,O ice. The line colors correspond to the months of the
Martian year.

Thermal conductivities were calculated from known
values of heat inertia and heat capacity. The active layer
thicknesses in the southern and northern ice caps were
estimated to be 12 to14 m and 24 to 26 m, respectively.

Structure and stratigraphy of polar deposits

From insufficient instrumental resolution, it is difficult
to estimate the total thickness of the polar deposits while
studying the topography of the top and underlying surfaces.
According to Dzurisin & Blasius (1975), the polar deposits
are 4-6 km thick in the north cap and 1-2 km thick in the
southern one. With reference to these estimates, Malin
(1986) concluded that the northern deposits reach their
maximum of 5 km along a ridge at about 87°N and are 2
km thick on average. The most recent maps of the ground
surface contours confirm the average thickness of polar
deposits in the north to be 2 km. Thickness for the southern
polar deposits is more difficult to estimate from the surface
contours because of an impact basin below, but a 2-km
thickness appears to be a reasonable value. Layered deposits
locally lie under residual ice and are seasonally overlain by
frozen CO,.

Residual ice over the northern and southern polar layered
deposits has different distribution patterns and, at least for

Figure 3. Thickness of the southern ice cap according
to MARSIS radar records.

several recent years, differs also in composition. Perennial
ice covers the polar deposits almost completely in the north
but only partly in the south. In the southern cap it is 2-3°
offset from the pole. Local ice patterns on both poles are
controlled by, among other factors, the surface slope; the
slopes that are exposed to the sun have more chance to
become free from ice.

According to Viking 1 and 2 records, the northern residual
ice consists of frozen H,O, which provides saturation of
atmospheric water vapor in the summer season. The ice
albedo there, with regard to the presence of minor amounts
of dust and other dark-colored detrital material, is about
0.43. The situation is more complex at the southern pole,
where residual ice has consisted of CO, at least in the recent
years, and the temperatures have been much below the
sublimation point of H,O ice.

The exact thickness of the north polar residual ice remains
unknown. It would be pointless to discuss separately the
thickness of this ice, not knowing whether it may penetrate
into the layered deposits below. The available thermal data
indicate that the northern cap consists of pure residual ice
and give no evidence of dust or rock matter. The southern
residual ice, however, differs rather markedly from
compacted sedimentary material.

The seasonal caps of frozen CO, spread far outside the
layered deposits and reach several tens of grams per square
centimeter for a winter. The ice caps grow and reduce
seasonally every year, but topographic features can change
within a year. Seasonal ice in the north is thinner than that in
the south, possibly because the surface is smoother.

Three more stratigraphic units lie near or upon the surface
described above. They are a zone of coarse clastic material
in the north, dunes on both poles, and different plain-land
complexes in the south. These units are difficult to classify,
except for the distinct morphology of the dunes. The most
recent MARSIS radar data from the Mars Express indicate
the thicknesses of the northern and southern ice caps to be,
respectively, 2 and 3.7 km (Fig. 3).
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Conclusions

At present, the surface area of ice in the north polar cap
of Mars is much larger than that of the southern cap: 1000
km and 300 km across, respectively. The size difference
between the two caps is due to the fact that Mars is currently
in the perihelion (and hence closest to the sun) during the
summer season of its southern hemisphere. Heavy dust
storms that are frequent in the polar regions produce layered
deposits. According to records of the MARSIS radar (Mars
Express), the thicknesses of the northern ice cap is 2 km
and of the southern ice cap is 3.7 km. The minimum annual
variations of the surface height at both caps are 10 cm,
with a quasi-linear latitudinal tendency of a maximum CO,
deposition of 4 cm per degree latitude. Unlike the Earth, the
Martian ice caps contain CO, ice and deposits of dust storms
besides water ice. The mathematically estimated active layer
thicknesses in the southern and northern ice caps are 12 to
14 m and 24 to 26 m, respectively.
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Changes in Geocryological Conditions along the Reconstructed
Salekhard-Nadym Railway
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Abstract

Conditions for the reconstructed Salekhard-Nadym railway are presented. The predominant types of natural territorial
complexes (terrain types) and permafrost-related geohazardous processes were identified. Conditions at three study
sites were evaluated. Numerical modeling of changes in the thermal regime for the typical railway route sections was

completed using the Teplo software.

Keywords: geocryological conditions; change forecast; railway; Western Siberia.

Introduction

Active economic development in the North of Russia’s
European territory and Western Siberia began more than
70 years ago. New cities (Vorkuta, Norilsk, and others)
were rapidly built, and mineral resources were intensively
explored. The creation of the transportation infrastructure
system, which was supposed to connect the emerging cities
to the discovered mineral deposits, immediately became
a necessity. Primary attention in this respect was paid to
railway transportation.

Construction of transportation infrastructure in Western
Siberia is now becoming even more critical due to a new
stage of the region’s economic development. The Northern
Sea Route exists on paper only, and air transport and winter
roads cannot cope with large volumes of cargo in the region.
Therefore, the demand for railway transport is growing,
and the Salekhard-Nadym railway is one of the main lines
that could partially solve the transportation problem of the
region.

The occurrence of permafrost complicates economic
activity and certainly affects construction and operation
of the railway. Engineering-geocryological (permafrost)
conditions along the road are characterized by the presence
of discontinuous permafrost, with continuous or layered
vertical structures (i.e., possible sequence of thawed and
frozen sediment layers). The permafrost thickness varies
from several tens to hundreds of meters. The permafrost
is characterized by a wide range of ground temperatures
and ice contents and highly variable active layer depths.
Geocryological characteristics are closely interrelated, and
there is a relationship between climate and lithology, terrain
features, and the type of vegetative cover. This relationship
results in a variability of permafrost landscape conditions in
the region.

The purpose of this study is to evaluate the impact
of geocryological conditions on reconstruction of the
Salekhard-Nadym railway within the sporadic and
discontinuous cryolithozone of Western Siberia.

Physiographic Setting

The Salekhard-Nadym transpolar railway is located in the
northern part of the West Siberian Plain, south of the Ob

Bay. The railway starts on the right bank of the Ob River,
runs along the right bank of the Poluy River, and crosses the
Nadym River near the Town of Stary Nadym (Fig. 1).

The terrain in the area is represented by a slightly
dissected, gently undulating plain with elevations ranging
from 10 to 80 m. There are many permanent and temporary
watercourses and peatlands (Trofimov & Kashperyuk
1989). The climate is subarctic with cold winters and chilly
summers; the mean annual air temperature is -5.8°C in
the town of Salekhard and -5.2°C in the town of Nadym
(SNiP 23.01-99 2000). The railway route parallels the
boundary between two natural zones — the forest-tundra and
the northern taiga (Gvozdetskiy & Mikhailov 1978). The

e e
___ 0 MDp

-~ 9 L —————
T N
q .\F:w € Kan
" Kvtonweraya
%

Apteh

L o e, .~ PN = £ 2=

Figure 1. Location of the Salekhard-Nadym railway (http://www.
Igt.ru).

Table 1. Geocryological zones within the railway construction
corridor.

Cryogenic
Ground . Perma-frost geomorphic
. Thick- |, . . .
Region | tempera- « [distribu-tion|Lithology| processes
ness, m
ture, °C type and
landforms

sand, silt, [Thermal

Ust-Ob| -0.1...3 80 [Sporadic [clayey [|erosion, frost

silt mounds
Ob- ) ~|sand, silt, [Thermokarst,
Nadvm ~1 40 Discontin- clayey [Pingos, Frost
Y uous s blisters
(mainly in
Frost

[Nadym |-0.5...1.5| 50-70 [peatlands) |sand
mounds

* Note: The vertical structure of the permafrost interval is mainly
two-layered; Thickness of the upper permafrost layer is presented.
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Table 2. Proportion of different natural territorial complex types
along the Salekhard-Nadym railway route on a percentage basis
(based on the total route length).

No Type of natural territorial complex %
1 Watersheds (m, gmlIsh) 33
2 Bedrock slope highly dissected by erosion 52.7

(ravines, gullies, river and creek valleys
(mlllkz, g,mlllzr)

3 Fluvial terraces (Lacustrine-fluvial complex 18.7
a-(alll-IV, bIV)
4 Major river floodplains (Yarudey, Poluy, 18.2

Nadym; alV, blV)

5 Minor stream valleys (alV) 7

railway crosses three geocryological (permafrost) regions
identified on the basis of geocryological zoning (Trofimov,
Baulin & Vasilchuk 1989, Table 1).

The Salekhard-Nadym railway is located on various
landscape-permafrost conditions that define the complexity
of its design, construction, and operation. Numerous water
courses require construction of multiple drainage control
structures such as culverts, bridges, and water-diversion
structures (excavations, etc.).

The landscape-permafrost conditions of the road are
represented by five natural territorial complex types (terrain
types) with different types of vegetative cover (Table 2).

Permafrost (mainly “warm”) occurs sporadically along
the railway route. Permafrost within the first natural
territorial complex type is confined to peatlands on the
watersheds and to shrub-tundra adjoining it. Permafrost was
encountered underlying the grass-moss tundra and sparse
larch-birch forest on the high floodplain of the Poluy River.
Permafrost is also found in peatlands, within the grass-moss
tundra which covers shallow bedrock slopes, in small stream
valleys with variable vegetation types (a mixed type, birch
forest, moss tundra), and at forested sites within fluvial
terraces of the Nadym River.

Methods

Technogenic impact causes additional spatial and time
variability of the complex multicomponent system of
permafrost conditions. In the course of railway construction,
this variability takes place mainly through the change in
thermal exchange at the ground surface due to the erection
of embankments of various heights.

Calculations of the change in the ground thermal regime
were completed with the Teplo (Warmth) software developed
by Professor L.N. Khrustalev and his solution of the non-
steady thermal conductivity problem with regard to Stephan’s
condition and a moving phase boundary. The climatic trend
is assumed on the basis of the Salekhard weather station data
analysis: the mean annual air temperature increase by 0.04°C
per annum (Pavlov & Malkova 2005). Redistribution of the
snow cover along the embankment slopes was also taken
into account. The prevailing southwestern winds during
winter lead to the increase of the snow accumulation at the
leeward (northern) side of the embankment.

The data on ground temperature change was obtained

Table 3. Study sites.

Sediments % of
Type of th
e
N natural . . Vegeta- total
O [ territorial Origin Composi- tion ota
complex (unit) tion route
length
1 Watersheds | m,gmllsh | Clayey silt tsllxlrl:étr)a 2.4
Shallow
bedrock
slope .
dissected Silty fine Y
] mlllkz, and
2 by erosion sand, . 29.8
. g,mlllzr . middle-
(ravines, clayey silt L
ullies size birch
fiver a;ld forest
creek
valleys)
Floodplain
of the peat. grass
Poluy alV, b1V, _ i
3 River, alTLIV clayey silt, | moss 3.1
. sand tundra
widespread
peatlands

for three study sites with the calculation interval of 10, 20,
and 30 years. The climatic parameters for all profiles were
obtained from the Salekhard weather station.

The study sites were selected based on the ratio between
the length of the natural territorial complex traversed by the
railway and the total length of the railway. These sites are
located at different geomorphic levels (i.e., from watersheds
being the highest to floodplains being the lowest). The
presence of permafrost within a natural territorial complex
was a criterion of a study site selection (Table 3).

Description of the Study Sites

Study Site No. 1 is located within the Poluy River and the
Yarudey River watershed. The ground temperature profile is
shown in Figure 2. The vegetative community is represented
by the shrub tundra. These landscape-permafrost conditions are
observed within 3% of the railway. The fact that the railway
does not cross the sediments of this age anywhere else and that
it is the most elevated area is a unique feature of this site.

Study Site No. 2 is located on the shallow bedrock slope
(near the edge of the Poluy River valley) and is heavily
dissected by erosion with numerous ravines, gullies, and
creek and river valleys. Birch forest is the most widespread
vegetation type at the site (29.8%). Temperature distribution
with depth is similar to Site No. 1 (Fig. 2).

Study Site No. 3 is located on the Poluy River floodplain,
which is covered by expansive muskegs. The vegetative
community of the site is the grass-moss tundra. The ground
temperature was measured on Oct. 6, 2008 (Fig. 2). The
railway route crosses the floodplain several times.

Results

The forecast of ground temperature regime was completed
for the proposed railway route, which will be closely parallel to
the existing abandoned railway (i.e., the so-called “dead road”).
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Figure 2. Temperature measurements at three study
sites (Site No.1, measurement date April 30, 2008;
Site No.2, Sept. 18, 2008; Site No.3, Oct. 6, 2008).

The present state of the “dead road” allows us to
evaluate challenges associated with the railway operation
in this region. It should be noted that not everything that
happened to the railway bed, the rail-sleeper grating and the
drainage control structures, should be expected to apply to
the proposed railway construction, since the “dead road”
embankment was not always raised to the design elevation,
and the “dead road” was never operational.

The “dead road” condition was described by Lengiprotrans
0OJSC in 2008.

The main processes associated with the deformation (or
complete failure) of the railway bed involve drainage control
structures, water diversion, surface differential settlement and
subsidence, embankment erosion features, earthflows, etc.

The following two types of surface instability can be
identified in the study area: first, differential settlement (or
subsidence), which results in abrupt change in the surface
morphology; and second, uniform settlement of the railway
bed. These two types developed almost everywhere along
the railway. They are a dominant process among other
geohazardous processes (erosion, earthflow, etc.).

The most recent site investigations along the railway
showed that differential settlement/subsidence or uniform
settlement developed within every section of the “dead
road” of more than 500 m in length.

Most of the sites characterized by uniform settlement
of the railway bed are observed in areas underlain by
permafrost. The railway bed study showed that along
railway sections where the embankment height exceeds 2

Figure 3. Initial temperature field distribution (measurement date
April 30, 2008).

=

Figure 4. Ground temperature distribution 10 years after the
embankment construction (as of October 1 when the thaw depth
is maximum).

m (there are almost no such sites left today) the permafrost
thermal regime is practically stable. This is not observed in
lower embankments. These conditions are associated with
various processes occurring in or near the embankment,
such as different extent of snow accumulation and cycles of
freezing-thawing.

The uniform settlement of the railway bed is observed in
all natural territorial complexes, but it is the most widespread
within peatlands.

Differential settlement (or subsidence) of the ground
surface occurs locally within sites underlain by thawing ice-
rich permafrost.

Washout and complete failure of the embankment occurs
mainly in the zones where the route goes along floodplains
of the large rivers (Poluy and Yarudey). This does not occur
within floodplains of small streams.

Almost all railway bed and facility deformations are
associated with the decline of the bearing capacity of the
foundation soils, which, in turn, occurs due to the change in
ground temperature regime.

Study Site No. 1. Permafrost along Profile 1 is “warm”;
the ground temperature does not exceed -0.5°C and, thus,
permafrost there is the most unstable.

The following assumptions were made for computer
simulation purposes along this profile: the embankmentheight
is 1.99 m and the fill used for the embankment construction
was thawed (Fig. 3). According to the computation results,
a noticeable increase in ground temperature by 0.2—0.3°C
is expected throughout the territory in 10 years. Permafrost
will become even more unstable. The ground temperature
will be -0.1°C along most of the profile length. The coldest
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Figure 5. Ground temperature distribution 30 years after
embankment construction (as of October 1 when the thaw depth
is maximum).

Figure 6. Initial temperature field distribution (temperature
measurement date Sept. 18, 2008).

zone will be located at some depth under the embankment.
Its temperature will be -0.1 to -0.3°C. A thaw bulb associated
with the warming effect of snow cover will develop from the
northern side (the left side of the profile).

Similar conditions will be observed 20 years later;
however, the core with the lowest temperatures under the
embankment will slightly increase in size. This is associated
with the cooling effect of the railway bed because it is the
railway bed, not the ground, where all positive heat transfer
occurs. The thaw bulb at the left side will increase.

In the 30" year after embankment construction, the
ground temperature will remain close to 0°C (Fig. 5). The
thawing trends will continue on both sides. The colder core
will begin to decrease in size due to the temperature increase
in the overlying layers.

On the whole, it is possible to say that with this trend
of climate change, permafrost within the natural territorial
complexes of this type will degrade completely in the
coming several decades. The bearing capacity of the ground
will decrease several times, which will adversely influence
operation of the railway bed.

Study Site No. 2. This study site differs from other study
sites in the vertical distribution of ground temperatures. At
Study Site No. 2, ground temperature colder than -0.2°C
is found only below the depth of 6 m (Fig. 6). Ground
temperatures were measured in boreholes at different
times (April 30, 2008 and Sept. 18, 2008). The ground
temperatures at the depth of zero annual amplitude (10 m)
are higher than those at Study Site No. 1. The embankment
height at this site is 5.13 m, as per the design. A colder
zone will develop below the embankment (with ground
temperature colder than -0.5°C, Fig. 7) ten years after the
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Figure 7. Ground temperature distribution 10 years after the
embankment erection (as of October 1 when thaw depth is
maximum).

L]

Figure 8. Ground temperature distribution 30 years after the
embankment erection (October 1 when thaw depth is maximum).

embankment construction, similar to Study Site No. 1.

The embankment fill will freeze to a depth of approxi-
mately 7 m, and this condition will remain even until Octo-
ber 1 when the thaw depth is at its maximum. This will have
a generally positive effect on the stability of the embank-
ment foundation. The ground temperature at a depth below
15 m will increase by several tenths of a degree. A thaw bulb
will develop at the northern slope and it will be larger in
size. This is associated with the composition of sediments
(very fine silty sand, and in the first case the soil consists
of clayey silt). An unfavorable trend of general temperature
increase will be observed after 20 years. The zone under the
embankment will decrease significantly, and thawing will
intensify on the slopes. The “heat” wave will reach the depth
of 20 m (0.1°C instead of -03...-04°C observed initially).
Ground warming will continue in the same way also into the
30" year of operation. Thawing will exceed 5 m on the left
slope (Fig. 8).

It should be noted that in the case of the higher embankment
(Study Site No. 2) the warming will occur more slowly than
in the case of the lower embankment (Study Site No. 1).

Study Site No. 3. This site is the coldest. It is the only
site. with ground temperature lower than -0.4°C. It is
composed of clayey silt underlain by fine-grained sand
of approximately 8 m in thickness. At the end of the fall
of 2008 (Sept. 19, 2008), the active layer was 2.7 m thick
(Fig. 9). The ground temperature at the depth of zero annual
amplitude was -0.3°C. The embankment height was 2.81 m,
as per the design.

A general increase in ground temperature up to -0.1°C
will be observed ten years after the beginning of the railway
operation (Fig. 10). The active layer on the left embankment
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Figure 9. Initial temperature field distribution (temperature
measurement date Sept. 18, 2008).
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Figure 10. Ground temperature distribution 10 years after the
embankment erection (as of October 1 when thaw depth is
maximum).

slope is more than 3 m thick. As at the other study sites,
the temperature decrease to 0.1°C will be noted under the
embankment centerline. Permafrost is very unstable.

Twenty years later, a significant core of cooling will
develop under the embankment, with the temperature in the
center lower than -0.5°C. The temperature along most of
the section decreased as well. It can be stated that favorable
conditions for the strengthening of the soil foundation
soil (lowering of ground temperature) emerge at this
embankment height. Thirty years later, the trend of ground
cooling under the railway bed will continue. The thaw bulb
will spread out outside the embankment (Fig. 11).

In conclusion, it can be noted that permafrost will
strengthen only at Study Site No. 3. This is associated
with the lithology and the height of the embankment. An
unfavorable situation will develop at Study Site No. 1, where
permafrost degradation will occur despite the fact that this
site is underlain by clayey silt. Study Site No. 2 will have a
trend identical to the trend at Study Site No. 1 after 30 years.
The difference occurs because Study Site No. 2 is composed
of coarser sediments (sand), which intensifies thawing, but
the embankment height (more than 5 m) is favorable for
producing additional ground cooling.

Conclusions

The proposed railway crosses five natural territorial
complex types: watersheds, shallow bedrock slopes, fluvial
terraces, major river floodplains, and small stream valleys.
Permafrost (mainly “warm”) is found in the form of patches
along the railway route. Permafrost within the first natural
territorial complex type occurs in peatland on the watershed
and within the adjacent shrub tundra. Permafrost was

L] L]

Figure 11. Ground temperature distribution 30 years after the
embankment erection (as of October 1 when thaw depth is
maximum).

encountered within the high floodplain of the Poluy River
under the sparse larch-birch forest and grass-moss (moss)
tundra. Permafrost is also found in peatlands and grass-moss
tundra within the shallow bedrock slopes and in the small
stream valleys with variable vegetation types (mixed, birch
forest, moss tundra), and within the fluvial terrace of the
Nadym River underlying forested areas.

The dire condition of the existing railway bed is mainly
associated with thaw flow processes and destructive action
of floodwaters. However, the most hazardous process is the
ubiquitous railway bed settlement and subsidence. There are
various mechanisms for the instability of the railway bed
surface. Gradual uniform settlement and abrupt differential
settlement, or subsidence, of the railway bed surface are
observed along the railway route. The latter developed at
sites with failed water drainage facilities (culverts, etc.).

The ground temperature regime forecast showed an
increase in the active layer depth near the embankment
slopes, which is associated with the increased thickness of
the snow cover (from the southern side) and, consequently,
with the warming effect the snow has on ground
temperatures. The embankment height is also an important
factor determining the ground temperature regime in the
future. A general increase in ground temperatures occurs
in the low-height embankments (2 m, Study Site No. 1).
In higher embankments (5m high at Study Site No. 2),
permafrost strengthens during the first ten years of the
railway operation. However, warming of the embankment
begins after 10 years due to the fact that the ground is fine-
grained and the cold core under the embankment thaws
as a result of the increase in the active layer depth on the
embankment slopes. Study Site No. 3 with the embankment
height of 2.7 m is characterized by the most favorable
conditions for permafrost strengthening.

In conclusion, considering the complexity of the
permafrost terrain conditions, it is necessary to carry out
special initial measures for thawing and compaction of
patches of the warm perennially frozen soils, as well as
additional cooling of the embankment base in places where
permafrost preservation is assumed. This significantly
complicates railway construction and operation.
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Cryogenic Deformations in the Late Cenozoic Deposits of the Tunka Depression
in the Baikal Rift Zone
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Abstract

Sections of the late Cenozoic alluvial deposits, which were exposed in the slope faces of fluvial terraces in the Tunka
depression, are presented. Deformations in layered sediments and topsoil layers are characterized. The cryogenic
mechanism of the development of the deformation structures in unconsolidated sediments is substantiated based on
analysis of well-known publications and results of our own field studies.

Keywords: cryoturbations; deformation structures; freeze-thaw cycles; frost heave; involutions; Tunka depression.

Introduction

The problem of the development of deformation
structures in unconsolidated sediments attracts the
attention of specialists in various fields. Development of
involutions can be caused by various processes. One of the
possible mechanisms of their formation is a cryogenic one
(Artyushkov 1965, Kostyaev, 1965, Dylik & Maarleveld
1967, Romanovskiy 1977, Shilts 1978, Washburn 1988,
Dijkmans 1989, Ershov 1990, Vandenberghe 1992, Hinkel
1993, Murton & French 1993, French 2007, Fundamentals
of Geocryology 1996, Paik & Lee 1998; Swanson et al. 1999,
Harris et al. 2000, Melnikov & Spesivtsev 2000, Murton et
al. 2000, Murton & Bateman 2007, French & Demitroff
2001, French et al. 2003, Lemcke 2001, Lemcke & Nelson
2004, Van Vliet-Lanoé 1991, Van Vliet-Lanoé et al. 2004,
Ghysels et al. 2006, Dillon & Sorenson 2007, Kovacs et
al. 2007, Ogino et al. 2007, Ewertowski 2009, French et
al. 2009 et al.). According to these publications, permafrost
and cold climate are the most important conditions for the
formation of involutions in periglacial regions. The most
important mechanisms of the unconsolidated sediment
deformation include differential frost heave, varying
freezing rates of saturated soils, cryohydrostatic pressure,
multiple recurrence of freeze-thaw cycles, and a set of other
factors including flat topography, soils prone to frost heave,
layers of higher density above layers of lower density, water
saturation of soils during autumn freeze-thaw period, and
lack of snow and vegetation covers.

The authors of this paper studied cryogenic deformations
in the Late Cenozoic unconsolidated deposits exposed in
the Tunka depression in the Baikal rift zone and propose
possible mechanisms of their formation.

Study Area

The Tunka depression is one of the intermountain basins
of the Baikal type that are part of the Baikal rift zone and
are infilled with a thick layer of Cenozoic deposits. Its
maximum width is slightly more than 30 km and its length is
up to 60 km. Elevations of the depression bottom at the edge
of Irkut River, which longitudinally crosses the depression
from west to east, are 700-780 m. All the depressions of
the Tunka rift are filled with a thick layer (more than 2.5
km) of Cenozoic volcanogenic sedimentary deposits. Late
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Cenozoic sedimentation occurred during the period of active
tectonic movements (rise of mountain ranges and sinking of
depressions) as well as global climate changes (Logachev
1958).

The Pleistocene-Holocene cryogenic epoch (1.9 to 2.0
million years ago) was characterized by severe climate
(cryochrons) and a relatively warm climate (termochrons).
A characteristic feature of the epoch is a multiple recurrence
of long-term permafrost aggradation and permafrost
degradation. This is most evident in the structures of the
Southern geocryological zone. The most important factor of
the Pleistocene history of the Tunka rift was its mountain
glaciation. In the Late Pleistocene, many glaciers of the
Tunka range advanced down to the foothills and formed
terminal moraine complexes and various glacial landforms.

The thickness of the Tunka depression Quaternary
deposits is approximately 500 m. The deposits consist of
alluvial, delluvial, glacial, fluvioglacial, eolian, and to a
less extent lacustrine formations. All Quaternary deposits
are divided into three lithological complexes: cobble and
pebble (proluvium), sand (alluvium and eolian deposits),
and surface loess (subaerial sandy silt and clayey silt and
clayey silt and clay formations with varying silt content).
Deformation structures are confined to the surface complex
deposits forming the upper parts of fluvial terraces.

Permafrost distribution within the depression is
sporadic (Fig. 1). Permafrost is found locally within bogs,
floodplains, and lower terraces composed of sand and silt,
clayey silt, and within peatlands. Permafrost is up to 40 m
thick. The permafrost table is rarely found at a depth lower
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Legend: 1 - the Tunka depression boundary; 2-5 - permafrost bound-
ary and thickness: 2 - sporadic, 0-15 m, 3 - isolated (up to 50%), 0-25
m, 4 - discontinuous (up to 80%), 0-50 m, 5 - mostly continuous,
100-300 m.

Figure 1. Permafrost distribution map for the Tunka depression and
the surrounding mountains (asterisk - the studied section locations).
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than 20 m depth. The permafrost temperature is high: from
-0.2 to -1°C. Active layer depth is 0.8—1.5 m in peatlands
and 2.5-3.0 m in sandy and clayey soils. Seasonal freezing
layer depth is up to 1 m. The permafrost ice content is high,
since the volumetric water content is 25-40% (Leshchikov,
1978). The thickness of the ground temperature annual
fluctuations layer does not exceed 8-10 m. In the active
layer, the temperature gradient reaches 5°C per 1 m, which
is favorable for soil frost cracking development when
combined with shallow snow thickness.

Figure 2. Cryogenic deformations (left bank of the Irkut River): a and b — pseudomorphs of ice wedges,

¢ — cryoturbations.

Permafrost-related processes and landforms are
widespread. They include frost heave mounds up to 1.5
m high, frost cracking, thermokarst, icing formation, and
patterned ground.

Results and Discussion
Cryogenic deformations of various forms were recognized

inthereference sections. Classic vein structures were exposed
in the Irkut River terrace slope (Fig. 2 a, b). The veins consist
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Legend: 1 - gray very fine sand, at the bottom — fissile light-gray sand, does not roll; 2 -
mostly yellow coarse-silt sand with light-gray fine sand and buried soil bands; 3 — mostly
greenish-gray very fine sand with numerous ochreous coarse-silt sand cross-beds; 4 — drop-
shaped deformations: light-gray coarse sand from the bottom horizon penetrated up into
greenish-gray silt sand; 5 - light-gray coarse sand; 6 - horizontally bedded yellow medium-
coarse sand; 7 - bluish-gray medium-coarse sand.

Figure 3. Deformations in the alluvial deposits of the Irkut River (right bank slope near Nugan
village). On the right is a schematic section with the physical properties characteristics of soils

at various depths.
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of gray clayey silt with an admixture of oxidized clayey silt,
fine sand, and sometimes clay and clayey silt. In the lower
and middle parts of the veins there is a large amount of black
soil indicative of increased content of organic material.
Enclosing sediments include light gray, bedded medium,
and coarse fluvial sands which are sometimes ferruginized.
These are clear signs that make it possible to qualify these
formations as pseudomorphs after ice wedges were found:
vein shaped (wedge shaped in this case); traces of overlying
deposits collapse into the cavity left by the melting of the
wedge ice; deformation of the enclosing sediments at the
joint with the vein bodies; presence of air bubbles (which
indicates the melting of segregation ice inclusions); and
section structural particularities—occurrence of denser
sediments (silty sandy loams and clayey silty loams) over
the less dense ones (sands).

As arule, in the upper part (0.5—1.5 m) of the studied sec-
tions, 1-1.2 m thick cryoturbated horizons are clearly visible
(Fig. 2c). The chaotic and incoherent movement of ground-
mass produced by cycles of freeze-thaw resulted in the for-
mation of strata where fine light yellow and yellow sands of
varying grain size, gray plastic clayey silts, peat mixed with
mineral soil, often with detritus admixtures, buried soil, and
thin layers of clayey silts were crumpled and folded.

The structure of the section exposed in the Irkut River
terrace slope near the Nugan village is of particular interest
(Fig. 3).

The section consists of three parts. The top overlying bench
(0-0.4 m) is composed of gray, fine-grained sands. In the
bottom bench there are thin layers of lighter sand. The bottom
deposits are not flexible and not disturbed. The horizon, which
is second from the top, is intensely deformed to the depth of 1.8
m by multiple freeze-thaw processes. It is composed of sands.
The upper part is composed mostly of coarse yellow sands
with numerous pockets of either fine light gray sand or dark
buried soil. The lower part is composed of very fine, greenish
gray sand with narrow oblique streaks of yellow (ochreous)
coarse sand. The small difference of density, porosity, particle
size distribution of deposits (Fig. 4), and special variations
in vegetation on the surface predetermined the differential
frost heave of these heterogeneous deposits. In more water-

logged interbeds enriched in fine fraction, the processes of
ice segregation and frost heave lead to the evolution of active
cryoturbation formation.

At the very bottom of the second horizon at the depth of 1.4
m from the surface, drop-shaped and wrinkled folds 30-40
cm thick were found. The joint pattern is very clear because
of the difference in the color of sediments. The formation
of such a wave-like surface between the upper layer of fine
sand and the bottom layer of coarse sand occurred during the
bottom deposits multiple freeze-thaw as a result of thawed
soil plastic flow due to varying density and moisture content.
The gray coarse sand when exposed to subzero temperature
froze faster than water-logged and denser overlying greenish
gray fine sand that is enriched in fine fraction. The emerging
segregation ice resulted in heaving the bottom layer sand into
the upper layer, which had not yet frozen. The process resulted
in the formation of drop-shaped structures. The heave process
intensified because of the density inversion; since the sands
in the upper layer are heavier than those of the bottom layer,
they were heaving the bottom layer sands up and attempting
to take their place. While the subsequent thawing caused
the plastic movement of thawed soil, the wave-like surface
formation continued.

The physical nature of numerous folds formation (convective
instability deformations) in the Quaternary and older deposits
was already discovered in the 1960s (Artyushkov 1965,
Kostyaev 1965). Experimentally, the possibility of such an
insolution-like deformations-forming mechanism was proved
in the course of ice-saturated permafrost thaw simulation
(Harris et al. 2000) as well as in the course of laboratory
simulations of periglacial involutions generated by the annual
freeze-thaw of the layered soils with reverse density (Ogino
and Matsuoka 2007).

The third, lower part of the section penetrated to the depth
of 2.7 m. It is composed of horizontally stratified undeformed
yellow and bluish-gray, washed coarse sands without organic
matter, which indicates a stable sedimentation process and the
absence of adverse external influence.

Thus we can say with confidence that the active layer
thickness at this part of the Irkut River valley did not exceed
1.8 m, at least during the Holocene.

very fine

very fine

coarse-silt

medium-coarse
coarse-silt

medium-coarse

Fraction content, % 80

00,5-0,25 mm

00,25-0.0:mm

@0.05-0,01 mm

Figure 4. Distribution of soil fractions in the section exposed in the right bank slope of the

Irkut River near Nugan village.



16 TENTH INTERNATIONAL CONFERENCE ON PERMAFROST

Conclusions

Since the Tunka depression is located in the sporadic
permafrost area and the upper part of the geological section
is subject to periodic impact of the freeze-thaw processes,
an unambiguous conclusion about the cryogenic origin of
deformation structures in the Irkut River can be made. The
presence of cryoturbation groundmass approximately to the
depth of 1.8 m signifies the influence of temperature changes
resulting in the plastic deformation of the deposits. The
freezing of the section caused segregative ice formation and
bottom deposit heave. During the thawing of the deposits,
the sedimentary displacement and mixing of the material
continued. The lack of deformation pattern homogeneity in
the upper (chaotic pattern) and the bottom (clear, drop-shaped
pattern) parts of the cryoturbation horizon is most likely to
be caused by the differences in the physical properties of
the sediments (moisture, facies composition, plasticity, and
density) as well as temperature conditions of the seasonally
frozen soils and permafrost.

It should be noted that the convective deformations in
loose deposits are widespread outside the permafrost area as
well. The nature of the deformations is largely determined by
the general history of the evolution of geological structures.
For example, high seismic activity of the Tunka depression
(the estimated magnitude of paleo-events often reaches
values of 6.5 and higher) can result in the superposition
of loose deposit deformations caused by earthquakes
and multiple freeze-thaw processes. In this regard, the
development of criteria to unambiguously determine the
nature of cryogenic or other deformations is essential for
paleographic, paleoclimatic, paleogeocryologocal, and
paleogeoseismological reconstructions.
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Abstract

This paper presents the results of research into mercury concentrations in the samples taken from three craters located
in the explosion epicenter of the Tunguska meteorite. In 2009 and 2010, several expeditions were conducted using
ground-penetrating radar to study the structures of 40 craters. Boreholes were drilled at seven craters. Mercury content
in samples obtained during drilling was evaluated. Data on mercury content at natural sites of other regions of Siberia

are provided for comparison.

Keywords: craters; geochemical anomaly; ground-penetrating radar; mercury; permafrost; thermokarst; Tunguska

meteorite.

Introduction

In 1927, L.A. Kulik was the first to discover a huge
blowdown of trees (Fig. 1) at the Stony Tunguska River and
suggest that it was a result of the impact of an enormous
meteorite (Kulik 1939).

The total area of the forest fall is about 2125 m?. Numerous
rounded craters were revealed near the radial center of the
tree fall. Our research was conducted in the vicinity of
the epicenter of the explosion between the Northern and
the Southern swamp (Fig. 2). This is a wavy and swampy
watershed surface covered with a coniferous forest and
sparse forests. Craters of a complicated genesis occur in the
swamps. Some scientists think that these craters are a result
of permafrost thermokarst.

The research conducted by L.A. Kulik did not give the
desired results (Kulik 1939, Krinov 1949), as the expedition
did not have modern geophysical equipment. It is believed
that the disturbance of the environment after the Tunguska
meteorite explosion in the atmosphere activated regional
thermokarst that could smooth out the impact on permafrost.

Later research shifted to the study of fine-dispersed
fraction, and the examination of the Tunguska meteorite
craters was discontinued (Vasilev 2004).

V.A. Alekseev supposed that fine-dispersed particles can
be formed in microfractures of a comet as a result of the
pressure growth arising when a comet enters the Earth’s
atmosphere (Alekseev 1998). These particles are located in
tree resin and can be found, along with large elements, in
impact craters.

The region of the paleo-volcano in the Tunguska
meteorite explosion epicenter contains many volcanogenic
structures the fractures of which serve as channels for the
transfer of deep-deposited substance to the Earth’s surface,
especially during earthquakes (Alekseev, Alekseeva 2005).
The geochemical anomaly in moss layers of 1908-1910
was reliably detected but its genesis was not determined.

19

Extraterrestrial substance can be accompanied by gases and
aerosols—products of degassing of a deep-seated magma
chamber. The 1908 impact of the explosion wave and of high
temperature during the impact of the Tunguska meteorite
caused short-lived vaporization of some volume of these
products and their condensation on the surface and sublayer.

Our interest in mercury is based on the fact that we
consider mercury to be an indicator of deep degassing of
the Earth. Therefore, mercury will help to shed light on
the genesis of craters. Mercury has different forms that are
formed at high temperatures and represent their indicators.
In our opinion, the analysis of mercury forms represents the

150 km to Mutoraj

o 2

Figure 1. Map of forest blowdown.
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Figure 2 Satellite image of the region of the Tunguska
meteorite impact. The circle — Suslov’s crater; the square
— the First and the Second craters; the green color — taiga;
the pinkish color — swamps and swampy sparse forests with
thermokarst pits.

most suitable method for studying the supposed location
of the comet elements on the Earth and for studying the
formation of craters resulting from the collision of the comet
elements with the ground.

The average mercury content in soils of West Siberia is 20—
30 ng/g with the range of fluctuations from 10 to 1500 ng/g.
The Clarke for mercury in the Earth’s crust is 30 ng/g, and
its occupational exposure limit for soils is 2100 ng/g.

Anthropogenic contamination of the environment with
mercury is characterized by similarly high mercury content
(mainly in the sorbed form) over rather vast areas. Natural
sources of mercury are found locally. They are characterized
by a highly non-uniform distribution of mercury
concentrations, and a significant amount of mercury is
represented in high-temperature mineral forms.

Our research in the Gorny Altai region and in the Polar
Urals showed a wide range of mercury values. There were
field regions with very high mercury concentrations of
up to 2-9 pg/g, but in general mercury was represented at
background concentrations.

Objective

During the expeditions in July of 2009 and 2010, we
studied the craters in the zone of the Tunguska meteorite
impact (Alekseev et al. 2011). The internal structures of
craters down to the depth of 20 m were examined with the
“Losa” ground-penetrating radar. The craters selected as
impact-generated preserved their form owing to permafrost
and have a shape of a cone intersecting the swamp down

Figure 5. Appearance of the Second
crater.

to the depth of about 15 m. After the explosion and the fall
of the fragments that disturbed permafrost, thermokarst
processes began.

About 40 craters were found and surveyed at the 2 km x
0.5 km site between the Northern and the Southern swamps.
They were distinguished by abnormal morphology and the
appearance of peat hills. According to our observations, the
surface level inside the craters is generally lower by 1-4 m
than that of the surrounding area. Craters were found in the
forest and on mountain slopes.
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Figures 7 and 8. Radargrams of the First and the Second craters.

We analyzed the occurrence of mercury using the samples
collected after drilling the craters that were initially studied
with the ground-penetrating radar during the expeditions of
2009 and 2010 (Suslov’s crater and the First and the Second
craters according to our designation). Photos of craters are
presented in Figures 3, 4, and 5, and the radargrams are
given in Figures 6, 7, and 8.

Suslov’s crater, located almost at the center of the fall, is
the crater that received most of L.A. Kulik’s attention. In
1928, Kulik’s expedition dug a trench from Suslov’s crater
toward the lowland for water drainage. Suslov sketched a
section of the crater’s side (Fig. 9) (Kandyba 1998).

“At the depth of 1.5 m from the surface the diggers came
across two relatively fresh larch trunks. These trunks lay
slantwise, their tops were raised at the angle of 25 and 37
degrees to the horizontal and directed towards the southeast
at the azimuths of 125 and 150 degrees. Clean ice lenses
were found under both trunks. The survey showed that both
trees died, being alive — they were not dead trees.” Kulik’s
expedition included swamp specialist L.V. Shumilova.
According to her conclusions, the crater age calculated

4 Cavity resulting from
thawing-remelting of ice condensator

2 Peat folds

1 lee condensator

Sketched by Suslov,
: October 1928

—F——7/— 2m -
5 / lce mixed with silt

Trees (larches) cut by the trench

Figure 9. Suslov’s sketch (October 1928) of the wall of the trench
dug for water drainage out of Suslov’s crater: 1 — ice body; 2 —
peat folds; 3 — ice mixed with silt; 4 — cavity at the place of a
thawed ice body; 5 — tree trunks cut by the trench (larch).

by peat annual layers was 21 years. This indicates that
the crater was formed in 1908, the year of the catastrophe
(Kandyba 1998).

Permafrost preserved all possible traces of the impact
of the Tunguska Cosmic Body and its constituents.
Comprehensive research of the craters, their genesis,
chemistry, and their isotopy layers will make it possible to
clarify the nature of the Tunguska Cosmic Body, the greatest
enigma of the 20™ century. Meanwhile, it is necessary to take
account of the continuous karst processes in the permafrost
zone (Kudryavtsev 1978, Maslov et al. 2005).

Methods

Mercury analyzer RA-915+ was used to measure mercury
concentrations. This analyzer was part of an analytical
complex making it possible to conduct quick selective
measurements of mercury concentrations in atmospheric air,
gas flows, and in liquid and solid samples. The opto-electronic
circuit of the analyzer ensures an ultra-low detection limit of
mercury in the mode of direct measurements. The method is
based on the atomic absorption spectrometry with Zeeman
correction of non-selective absorption. Multi-pass cell
increases measure sensitivity. Zeeman correction of non-
selective absorption ensures high accuracy of measurements
irrespective of disturbing factors such as dust, humidity,
aerosols, absorbing vapors, and gases.

The analytical complex comprises: 1) Analyzer «RA-
915+»; 2) Attachment «RP-91» to determine mercury
content in water solutions by cold vapor method; 3)
Attachment «RP-91Sy to directly determine by the pyrolysis
method mercury content in soil, rocks, bottom deposits, and
samples with a small amount of organic substances. Analysis
of samples with complex matrix by the pyrolysis method
does not require preliminary preparation of samples. The
complex is designed for operation in laboratory and field
conditions.

The analytical complex ensures the unrivaled low limit
of mercury detection in the air in the mode of continuous
measurements (without preliminary accumulation on
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Table 1. Operational parameters of attachment RP-91 to analyzer
RA-915+.

Table 3. Mercury concentrations (ng/g) in soils and in vegetation of
4 populated points of Siberia.

Analyzed object Solid samples (soil)
Detection limit 1.0 ng/kg
Maximum sample weight 04¢g
Continuous operation time 8 hours
Analyzer weight 7.5kg
Attachment weight 5.5kg
Voltage 220V
Self-contained supply RA-915+ —6/14V
Power consumption RP-91S — 250 Watt
Current frequency 50 Hz

Table 2. Content, ng/g, and forms of mercury in samples from
Suslov’s crater and the Second crater.

Horizon, Sample Suslov’s The Mercury
R Second
m description crater forms
crater
Surface Moss 68 - FS
Lowered . FSUSIF
edge Soddy soil 42 - 0S SG
Upper soil 26 - FS
layer
2m Soddy soil 19,23 - FS
2.5m Clay 11 - FS HTF SG
3m Clay g 11 12 FS+Sp
43 m Drab clay - 17 SP+FS+US
44 m clay - 9 FS+SP+US
59m clay (a) B 3 SP+FS+US
' sand (b) 2 SP+FS+US
54m Yellow silt - 6 FS+SP+CS
FS SP US
6.5m Clay 15 - cs
7.1m Drab clay - 12 FS+US+CS

Abbreviations in Table 2:
FS — physically sorbed form of mercury
US — low-temperature form of mercury in an unbound state
IF — high-temperature isomorphic form of mercury
OS — forms of mercury connected with organic substances
HTF — high-temperature form of mercury.

sorbents): 2 ng/m* at one-second averaging of a signal
and 0.3 ng/m? at thirty-second averaging of a signal. It has
a wide dynamic range: 2-20,000 ng/m® in the continuous
mode and 5,000-200,000 ng/m? in the high concentrations
mode. The relative error limit is 20%. This method enables
operation in field conditions using internal batteries. There
is a possibility of measuring the mercury content in the
atmospheric air from mobile carriers.

Mercury analyzer RA-915+ complete with attachment
RP-918S is used for direct determination of mercury content
in soil, rocks, bottom deposits, and samples with a small
share of organic substance with the help of the pyrolysis
method.

FS
form of | Vanavara | Chamdalsk | Surgut | Novosibirsk
mercury
Soil 22 14 13 18
Moss 27 fresh 31 fresh 71 B

34 old 50 old

Fresh
pine 9 8 20 17
needles
Old pine 36 26 25 33
needles

Attachment RP-918S is intended for thermal destruction of
a sample and for transition of mercury from a bound state
to an atomic one with the subsequent determination of the
amount of emitted mercury by analyzer RA-915+ (Table 1).

Mercury analyzer RA-915+ complete with attachment
RP-91S is used in ecology and sanitary science for express-
analysis of complex objects. In geological and geochemical
studies, itisused forexamination ofnatural and anthropogenic
cycles of mercury as well as for determination of mercury
content in soils, rocks, and ores.

Results

X-ray diffraction analysis of two soil samples was
performed. The first subsurface sample found in the clay
fractionhad the following content: plagioclase Ca,NaAlSi, O,,
potassium feldspar KAISi,O,, pyroxene Ca(Mg,Fe)[Si,0O,],
and possibly argillaceous minerals. Samples of crystalline
powder included plagioclase Ca,NaAlSi,O,, potassium
feldspar KAISi,O,, pyroxene Ca(Mg,Fe)[Si,O,], serpentine
Mg.(5i,0,)(OH), apatite Ca(PO,),F and argillaceous
minerals (montmorillonite).

The most detailed analysis was devoted to mercury
content in these particles and other ground samples.

The results showed that mercury content in samples 1,
2, and 3 from the First crater is 1 ng/g. The samples are
represented by black sand. Despite extremely low mercury
weight content, sample 3 revealed an isomorphic mercury
form of the highest temperature. It can be assumed that the
soils in this place were subjected to some severe impact that
caused evaporation of the major portion of mercury and
there mainly remained only its high-temperature and the
most stable form.

Mercury content in samples of the Second crater are H 4 m
— 18 ng/g, H4.4 m— 10 ng/g, and H 5 m — 8 ng/g. Samples
are represented by argillaceous minerals. The color of the
H 4 m clay is dark-yellow and other varieties are yellow.
The mercury content level in the soils of the Second crater
is significantly higher than that in the First crater, although
it is considerably lower than Clarke of mercury (45 ng/g,
according to N.A. Ozerova). The samples of the Second
crater are characterized by a significant content of mercury
in the sulfide form and especially in isomorphic form. The
soils in the area of this crater were probably exposed to a
smaller impact than the ground of the First crater (Table 2).
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Mercury, ng/g

260

Depth, cm

-800 -

Figure 10. Vertical profile of mercury distribution in soil deposits
of borehole No. 2 (the Second crater). Horizontal axis — mercury
content, ng/g; vertical axis — depth, cm.

The isomorphic form of mercury occurs rather seldom.
There arise difficulties in the course of identification of
this mercury form. Normally, concentrations of isomorphic
mercury are 1 to 3 levels lower than those of the sorbed
mercury form. It is also difficult to link it to a particular
mineral, as only a limited quantity of minerals containing
isomorphic mercury was studied experimentally. Its release
temperature can vary from 450 to 1000°C. If the mineral
composition of a sample is known, it can be considered
with much certainty that the particular mineral contains
isomorphic mercury. Isomorphic mercury can be contained
in barite and magnetite.

Table 3 presents mercury concentrations in soils of
different towns of Siberia.

Rapid enrichment of the moss surface layer with mercury
near the epicenter of the Tunguska explosion can be explained
by the proximity to an active fault from which emanations
of mercury and other elements and gases intensely emit into
the atmosphere. Mosses are good concentrators of mercury
and of other metals, and they capture mercury from the
surface air.

Another reason can be a discharge of mercury from the
underlying ground because of a high-temperature impact
occurring somewhere nearby a crater, which preserved soil
humus in the surface layer (prevented humus from being
burned into ash). More detailed information can be obtained
with the help of an areal survey in this region with sampling
of surface and underlying soils to find out where the
contamination comes out, using a testing grid with points
located at rather small intervals from each other. There
must be complete certainty that this is not anthropogenic
contamination with mercury.

Figure 10 presents a graph of mercury concentration
change with depth in the Second crater. For comparison,
the mercury concentration in the background region at the
distance of 100 m from Suslov’s crater is given, and it equals
200 ng/g.

The appearance of the curves of mercury adsorption and
of pyrolyzate content in a cell can indicate that the major
portion of mercury in the surface layer exists in a sorbed
form. However, some portion of it is tightly bound with
organics and therefore forms several peaks in a high-
temperature zone.

In a standard sample, mercury is in a sorbed form.

Conclusions

1) Mercury concentrations in the Tunguska meteorite
craters are low and below the Clarke values.

2) The mercury content in the black sand samples of the
First crater is 1 ng/g.

3) Sample No. 3 from the First crater contains the
isomorphic form of mercury with the highest
temperature.

4) The ground was possibly exposed to thermal impact;
the major portion of mercury evaporated and the high-
temperature form of mercury that is the most stable
remained.

5) The mercury content in the samples of the Second crater
is 8-18 ng/g.

6) Mercury is present in sulfides and particularly in an
isomorphic form.

7) The ground in the area of this crater was probably
exposed to a smaller thermal impact than the ground of
the First crater.

8) The enrichment of surface mosses with mercury can be
explained by the proximity to the active fault. Mosses
are good sorbing agents. Discharge of mercury from
underlying ground is possible as a result of a high-
temperature impact.

9) The comparison of mercury concentrations in the
craters of the Tunguska explosion epicenter with its
concentrations in soils and vegetation of Siberian
populated points (Table 5) indicates contamination
of the air with mercury, as soils and plants are good
sorbing agents and indicators of this process.

10) The peculiarities of mercury distribution in the ground
of craters and in other populated points of Siberia
indirectly testify to the cosmogenic nature of the
Tunguska explosion.
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Cryogenic Strata of Gas-Bearing Structures of Northern Western Siberia:
Look to the Future

Yu.B. Badu
Faculty of Geography, Lomonosov Moscow State University, Cryolithology and Glaciology Department,
Moscow, Russia

Abstract

Summarizing the results of long-term research, the author concludes that the cryogenic stratum in northern West
Siberia is a single Middle and Late Neopleistocene and Holocene cryogenic formation related to continuous cycles of
transgression-regression in the Polar Basin under conditions of severe cyclic climate change. The cryogenic stratum of
northern Yamal is divided by the author into stratigraphic units clearly correlating with the schemes of G.I. Lazukov,
V.A. Zubakov, and 1.D. Danilov. The structure and state of the cryogenic stratum reflect the features of permafrost

formation in the strata of gas-bearing structures.

Keywords: cryogenic stratum; gas-bearing structure; permafrost formation; permafrost thickness; subaquatic freezing.

Introduction

The preliminary stratigraphic correlation of the sections
of Quaternary deposits on the Yamal, Gydan, and Tazovsky
peninsulas and the elaboration of the local stratigraphic
section (Podborny & Badu 2011) were performed to develop
a detailed cryostratigraphic description of the cryogenic
stratum.

The dome type of permafrost was identified for the first
time by Dubikov (1980, 2002) and was studied by Baulin
(1985), Romanovskii (1993), and others. They discovered
that the gas-bearing dome has a heat effect on the position of
the bottom of the cryogenic stratum, and they developed the
first hypotheses regarding the state of the cryogenic stratum.

Cryogenic Stratum

The composition and structure of Cenozoic deposits
in West Siberia are defined by the marine sedimentation
regime and the development of neotectonic gas-bearing
structures during the whole of the Mesozoic. The thermal
state of this area during the Pleistocene and the Holocene
was determined by the radiation and heat balance of the
“atmosphere-hydrosphere-lithosphere” system. This is
the main reason for the formation and development of
the cryogenic stratum in subaquatic bottom deposits of a
shallow shelf and in the subaerial conditions of the drying of
the exposed sea floor.

The upper and lower boundaries of the cryogenic stratum
are defined by the position of the 0°C isotherm. The frozen
ice-bearing part of the stratum is limited from below by the
T,, isotherm (i.e., the initial ground freezing temperature).
The horizon of negative-temperature cryotic ground is
located below this. It does not contain ice inclusions due to
the high salt content reducing its freezing temperature and
onset temperature for ice formation.

Thick gas-bearing structures with their high temperature
and pressure bed at the base of the cryogenic stratum are at
the depth below 400-500 m.

Gas-bearing Structure

The gas-bearing structure is a neotectonic formation of
the lithosphere. In the geological section, the Cenozoic
unconsolidated sediments cover the Late Cretaceous
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compacted sediments that overlie the productive gas-bearing
structure of the Early Cretaceous.

Geological history

According to the geologists of the Cryos Scientific and
Technical Firm, the formation of structures began in the
Late-Cretaceous time as marine sedimentation. Neotectonic
movements were activated in the Oligocene, when some
structures of the Paleogene deposits were brought to the
surface and exposed to denudation. The dome parts of the
structures were reworked more intensively, the Paleogene
deposits were re-deposited completely, and the Cretaceous
deposits were re-deposited partially. The lower layers of
Paleogene deposits were usually preserved at the limbs
of the structures. At the end of the Oligocene and in the
Neogene, the intensity of neotectonic movements decreased
significantly. Their direction abruptly changed at the Late
Pliocene and the Quaternary stages of development. The
territory settled and was flooded with the waters of the
Yamal transgression. This point of view is well known.
Moreover, it was revealed in the process of the study of
the geological sections of the Kharasavey, Bovanenkovo,
Arctic, Novy Port, and other structures (Badu 2006, 2011b)
that the Quaternary deposits with angular and stratigraphic
unconformity overlie Cretaceous and Paleogene sediments.
The roof of the latter gradually rises to the central and the
axial parts of the Tazovskiy and the Gydan peninsulas. The
transgressive part in the section of the Quaternary deposits
is composed of sediments of the Poluy suite. In sections of
some structures, the thickness of sediments of the Yamal
series is slightly reduced due to the decrease in thickness
of the stratum of the Salekhard suite. This is explained
by the fact that the sediments of the Kazantsev suite were
deposited on its eroded roof with unconformity after short-
term drainage of occasional sites starting in the beginning of
the Late Neopleistocene (Fig. 1).

The Salekhard suite deposits, which form the cover on
the plains of the Yamal watershed divide, are the main key
horizon of the marine stratum, the age of which is assumed
to be the Middle Neopleistocene (Badu 2006, 2011b).

The Third, Second, and First Marine terraces were formed
during the Neopleistocene at the eroded surface of the
Kazantsev deposits along the coasts of the peninsula. The
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central part of Yamal, the south of Tazovskiy, and the axial
part of Gydan during this period were already drained, and
the cryogenic stratum was under formation in these areas.
Sedimentation of the fluvial deposits of river beds and
floodplains and their freezing started from the Sartan age
and continued through the Holocene until present.

The end of the Middle Neopleistocene is associated
with completion of marine shelf sedimentation. Marine
sedimentation ended in the Late Neopleistocene during
the epochs shorter than the previous ones. The freezing
of the deposits accumulated during the Early and the
Middle Neopleistocene until the beginning of the Late
Neopleistocene and noticeably changed the state of the soil
stratum. The modern terrain and soil conditions were in
many ways formed by the Holocene events (uplift of the
Polar Basin level, denudation and re-deposition of soils,
climatic changes), but mostly by the active freezing of the
soil stratum in its subaerial and subaquatic parts. The whole
sedimentation history during the Late Neopleistocene was
directly connected with syngenetic and epigenetic freezing.
Data on cryogenic structure and ice content of the identified
layers were reported in the descriptions of sections of gas-
bearing structures (Badu 2006, 2011b).

Permafrost formation

The cryogenic stratum in the northern West Siberian
platform is a single stratum formed in the Middle and Late
Neopleistocene and the Holocene. It was formed during
continuously alternating cycles of transgression-regression
of the Polar Basin under conditions of cyclic changes of
the severe climate. The Pleistocene cycle of the cryogenic
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stratum formation has regional specifics of permafrost
formation (Badu 1978, 2006, 2010, Trofimov, Badu &
Dubikov 1980).

The rates of epigenetic freezing of deep soil horizons slow
down within gas-bearing structures because the endogenous
heat flow from below reduces the value of the temperature
gradient which causes water migration to the freezing front.
Segregated ice formation is also complicated by high salt
content in soils.

The centers of gas-bearing domes are usually located at
the depth of at least 400 m. Nonetheless, such bedding of a
thick geologic body with high thermal capacity significantly
influences the position of the 0°C isotherm (Fig. 2) and the
bottom of the frozen ice-bearing stratum of soil (Fig. 3).

The 0°C isotherm depth is smaller above the highest part
of the dome, and permafrost thickness above the dome
decreases by 20-30% compared to the peripheral part of the
gas-bearing dome. The volume of the hard frozen and plastic
frozen parts of the cryogenic stratum is reduced above the
gas-bearing structure.

The differences in freezing depths and permafrost
thicknesses were noted (Badu 2011a) in the sections:

e with Late Neopleistocene marine terraces, where a part
of the dome is located below the marine water area
(130-180 m);

e the marine water area (90-110 m);
with the Holocene floodplain and the shallow bedding
of the gas-bearing dome (160—180 m);
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e on the watershed divide areas of Yamal, where the
duration of the subaerial freezing period is maximum,
and the Paleogene deposits with a different type of pore
water mineralization are located close to the surface
above the dome (180-220 m);

e on the eastern coast of the Yamal and Tazovskiy
peninsulas with lagoon and fluvial types of the Late
Neopleistocene and Holocene sedimentation (200-220
m).

Permafrost thicknesses at the western and the eastern
Yamal coasts are associated with the marine and the lagoon
type of sedimentation and, respectively, with major or
minor salinity of sediments. They are also associated with
different freezing conditions of deep-water and shallow-
water deposits in the regressing open sea basin and in the
shallowing semi-closed lagoon (bays, gulfs). Permafrost
thickness is less in the marine strata of the western Yamal
coast and is greater at its eastern coast. The 0°C isotherm
depths also vary from 250-280 m to 400430 m.

The temperature field of the cryogenic stratum of gas-
bearing structures is not homogeneous in local cryo-
anomalies either. It is defined by the climatic and landscape
interaction in the upper 10 to 20 m part of the permafrost
section. In the middle part (40—70 m) it is defined by climatic
temperature variations of the Holocene optimum and the

Late Holocene cooling. In the lower part (100-300 m), it
is defined by long-term Late Neopleistocene temperature
variations distorted by the heat flow of gas domes.

The following assumption was suggested (Badu 2006,
2011a): the more migration and autochthonous gas in the
hydrated form is bound under and inside its hard frozen
cover in low-temperature cryogenic strata of gas-bearing
structures, the more bodies of tabular massive ice are
contained in the cover, and the rarer are the cryopegs in the
top part of the section.

There are fewer obstacles to gas migration to the surface
in “warmer” permafrost. The gas concentrates more in
the stratum of plastic frozen soils where it is bound in
the gas-hydrate state. The conditions for accumulation of
autochthonous gas associated with the decomposition of
large quantities of organic matter are the most favorable
in such strata. Cryopegs are pressed out by freezing and
constrained in the stratum by hard frozen soils that are
widely developed in the top 40 to 50 m part of such strata.
However, they are also found at the depth below 100-120 m,
where the difference between the low freezing point of high-
mineralized pore water and the high negative temperature
of the frozen (plastic frozen) or the chilled stratum is
significant.
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It was known (Baulin 1985, Romanovskiy 1993, and
others) that the closer the dome is to the surface, the more
active its thermal impact on the bottom of the cryogenic
stratum. Now it is detected that more heat is emitted in a
number of structures above horsts (in the productive stratum)
and the diffusing gas, which expands adiabatically and chills
and freezes the ground above grabens and downthrusts.
The geologists of the Cryos Scientific and Technical Firm
reported gas occurrences in the same places of the stratum
during the drilling of assessment wells (Podborny & Badu
2011).

The following processes and phenomena are observed
in river valleys located above the dome of gas-bearing
structures: the widening of the floodplain area due to thermal
erosion; accelerated growth of syngenetic ice wedges; the
mineralization of fluvial river-bed sediments in the lower
and the middle river reaches; thermokarst activation in ice-
rich floodplain fluvial deposits (Badu 2006).

The top part of the stratum was frozen synchronously
with sedimentation. Ice-rich deposits were formed here
in different lithological and facial conditions. The lower
part of the stratum was frozen epigenetically after the
denudation of its most ice-rich part. However, the primary
vertical distribution of segregated ice, which formed in the
corresponding cold period, is preserved in the epigenetic part
of the section. It is not associated with the current thermal
state of the middle part of permafrost in some sections
because the frozen sediments had low moisture content and
high salinity.

Permafrost formation in the saline bottom sediments of
the shelf is determined by heat exchange in the water-seabed
system. But the formation of the cryogenic stratum with gas-
hydrate ice-ground and tabular massive ice bodies above
gas-bearing structures is complicated by the freezing of host
sediments due to the adiabatic expansion of diffusing gas.

As a result of the activation of neotectonic movements,
the thixotropic and unfrozen soils already chilled below
0°C at the dome limbs experienced dynamic stresses of
underwater landslides and were being folded. Also, folded
tabular massive ice bodies formed in conformable layers of
spontaneously freezing host sediments as a result of stress
discharge in the water chilled to the negative temperatures
close to the freezing point.

Therefore, during the transfer from the subaquatic
regime to the subaerial one the main features of subaquatic
permafrost formation are preserved in the stratum whose
freezing continues after the sea bed is exposed.

Ice and ground-ice formations in the subaquatic syngenetic
permafrost are reported in some sections (Badu 2011). They
were formed in the saline water-saturated bottom soils. They
do not look similar to subaerial permafrost forms, either
in the composition of host sediments or in the method of
freezing or in the ice formation type.

The explanation for this assumption is as follows: Marine
sediments in the top part of the section were deposited
at negative sea water temperatures, the freezing point
of which is -1.7 to -1.8°C. This is associated with high
content of easily soluble salt that hinders ice formation in
the pore solution. Moreover, sandy soils with high content

of silt particles and micaceous minerals have thixotropic
properties. Thixotropic soils retain a lot of interfacial water
with a lower initial freezing temperature than that of free
water. Upper horizons of sediments are water-saturated,
but thixotropic bonds prevent their flowing at insignificant
inclination of the bottom surface. Gradual water and salt
re-distribution occurs in the stratum of chilled sediments.
Sediments get compacted under the impact of ground
pressure; pore moisture is pressed out to the surface or the
most coarse-grained layers, and salts are concentrated in the
lower horizon of the stratum.

Liquefied marine sediments can flow even at 1-2° angles
and are retained only due to thixotropic structural bonds. Not
only neotectonic shocks or large sea waves passing at the
surface, but also a simple increase of the layer’s inclination
angle above the critical value (i.e., at least 2-3°) can lead
to the destruction of thixotropic structure. In this case the
sediment strata no less than 15 m thick are placed into
movement and folding. It is noted in a significant number of
the Northern Yamal and Gydan sections that dislocations are
confined to the limbs of neotectonic structures.

Sediment deformation at the underwater coastal slope is
the immediate cause of ice formation and their transfer to
the frozen state. Free and demineralized water is emitted
during the destruction of the thixotropic ground mass. Its
initial freezing temperature grows step-wise, and the water
becomes over-chilled. The most significant accumulations
of the pressed-out free water are formed in fold hinges,
mainly in sandy sediments or at lithological boundaries. By
its structure, this ice is similar to injected ice; it contains
suspended mineral material, chaotically oriented inclusions
of frozen soil, and multiple air bubbles of a rounded shape.
These indicators reflect a step-wise stress relief and dynamic
(forced) intrusion of free water masses into the deposits.
However, in comparison with injected ice, they hardly
destroy the lithological stratification and bed conformably
with deformed layers. Moreover, the water pressed out
directly from host deposits and frozen at the same place
is concentrated at lithological boundaries. It forms clean
amorphous glass-like ice without mineral inclusions or gas
bubbles. Two ice types usually replace each other along the
layers and are separated from each other by a clear contact.
Individual ice inter-layers and minor lenses are frequently
found in sandy deposits. They are the result of the same
press-out free water.

The subaquatic freezing of bottom deposits is accompanied
by the phenomena characteristic of marine conditions. Step-
wise change of properties leads to the spontaneous freezing
of the plicatively deformed stratum of deposits. Salts in
marine sediments hinder water migration to the freezing
front. Consequently, cryostructures are poorly developed.
Ice formation occurs more intensively with moisture fixation
in pore ice (structureless cryostructure without visible ice)
and preserving the primary moisture distribution in chilled
sediments. This was reflected in the regular distribution
of the total moisture content and the volumetric visible
ice content in horizons of fine-grained deposits and in the
domination of incomplete reticulate cryostructures.

The identified cryolithological indicators confirm the
hypothesis of marine subaquatic permafrost formation
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developed by A.I. Popov. Sediment freezing occurred as a
result of the folding-plicative deformation of the stratum
of bottom sediments at the underwater coastal slope and
free water emission from thixotropic chilled grounds.
Fresh water is the first to emit from marine sediments in
the process of deformation. It is immediately frozen in
the negative temperature field, providing for a very quick
freezing of deposit layers that are many meters thick.

According to the data of Popov (1984, 1991), Maslov
(1985), Shpolyanskaya (1993, 1999, 2006), and Danilov
(1978), this process is the main mechanism for syngenetic
formation of tabular massive ice bodies in bottom marine
sediments due to the fold deformations of their initially
horizontal stratification. We referred to it as the plicative
type of subaquatic syngenetic permafrost formation (Badu
2010).

This concept is opposite to the one assuming that
permafrost during the Pleistocene was formed in subaerial
conditions and was flooded and thawed during transgression
periods.

The study of the structure and the composition of the
cryogenic stratum and its ground ice features in gas-bearing
structures provides a huge volume of indirect information
on paleo-conditions of sedimentation, freezing, and the
formation of segregated, wedge, and tabular massive
ice. This information enables us to make an objective
interpretation of permafrost formation in the Earth’s crust.
The reliability of paleo-reconstructions created on the basis
of this information can only be assessed in the distant future.
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Cryogenic Processes along Linear Structures
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Abstract

This paper discusses the sources and peculiarities of thermokarst development along unpaved roads (paved across
inter-alases) and electric-power transmission lines. It analyzes the degree of thermal erosion in Central Yakutia
(West Siberia). It describes the structure of permafrost exposed to thermokarst and the nature of surface disturbance
depending on the conditions of the territory’s moisture conditions.

Keywords: alas; moistening; lake thermokarst; Lena-Amga interfluve; talik.

Introduction

A large network of unpaved roads, electric-power
transmission lines, and other communications was built up
across the Lena-Amga alas area in Central Yakutia. Many
of them were made regardless of the occurrence of ice-rich
permafrost. It is well known that ground ice is widespread
over the inter-alases of the Abalakhskaya Plain located at the
Lena-Amga interfluve. The volumetric content of ice reaches
30-40% of the total mass of the ground. The ice beds occur at
the depth of 2.0-2.5 m from the surface. Due to the present
moistening deficit, the development of lake thermokarst on
the territory of Central Yakutia is insignificant. However,
some areas display the emergence and development of
this process (Bosikov 1977). Thermokarst depressions
occur along the unpaved roads within the inter-alas plains
of the Lena-Amga area and are the result of technogenic
disturbance of the soil surface.

To establish the geographical reasons for the development
of thermokarst lakes and to determine the rate of their
expansion and deepening, we made observations along the
unpaved roads of the Lena-Amga interfluve. The collected
data allow us to identify the reason for the start and the
end of the thermokarst process and to determine the rate
at which it develops on disturbed landscapes located along
linear structures.

Methods

We have been conducting observations of thermokarst
development along the Maya-Beke unpaved road since 1973.
Thermokarst depressions and lakes were morphometrically
measured in the summer season. The lake depths were
measured with an echo sounder. All relative heights and
depressions were determined by leveling. When assessing
the general moistening of the territory, we used the method
suggested by A.V. Shnitnikov (1957). According to the
method, the general moistening of the territory is expressed
through conventional coefficient m, which represents the
ratio of the mean multi-year sum of atmospheric precipitation
to the mean summer temperature (May—September) for the
same period of time.

Results of Observations and Discussion

The part of the Maya-Beke road selected for observation
is located on an inter-alas area that contains permafrost with
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thick wedge ice. The wedge ice beds at the depth of 2.0—
2.5 m from the surface and its thickness reaches 10—15 m.
Before the road was built, its area was occupied by dense
forest vegetation. Road construction was initiated after the
forest was cleared. According to the local inhabitants, the
roadbed was constructed in 1962.

It is well known that a forest strip 15-20 m wide is
initially cleared as a right of way across an inter-alas. Then
the upper layers of ground are removed down to the depth
of 0.5-1.0 m with a bulldozer in order to bank the road bed.
The altered heat exchange at the ground surface initiates
thermokarst development along the paved road because ice-
rich permafrost thaws.

To establish the speed of thermokarst development along
the Maya-Beke dirt road, we have been monitoring it since
1973. Geomorphologically, the observed part of the road is
found at the flat non-drained inter-alas of the Abalakhskaya
Plain.

As shown in Table 1, the soil surface is slightly lowered
during the first 17 years following disturbance. As a rule,
this process is observed on flat, non-drained areas of an
inter-alas. The tops of ice wedges melt in the areas where
meltwater and rainwater drain down the slope leading to the
formation of depression-hillocky microrelief forms at the
soil surface. Further, the ground ice ceases to thaw due to
the growth of a protective layer above it (Shur 1998). For
this reason, the thermokarst process stops as well.

In spring, water accumulates on the non-drained areas
where the ground has subsided. For example, the water
depth reached 1.5 m at a part of the Maya-Beke road in 1980
(see Table 1).

We monitored the development of thermokarst depressions
under small water bodies located in the Yukechinskiy area
located 10 km from the point described (Bosikov 1998).
The observations indicated that the water accumulated at
the concave areas of the land surface creates the conditions
for thawing of ground ice (i.e., for the development of a
thermokarst lake). It is well-known that this process is
possible only when the water balance of the small lake is
positive, and growth stops if there is no water.

Thawing under small water bodies is 1.5-2.0 times greater
than in dry polygonal formations (Vasilev 1982). In summer
we measured the temperature of water in intrapolygonal
depressions. The water depth ranged between 0.8 and 1.0 m.
The measurements were made three times a day: at 9 a.m.,
I p.m., and 9 p.m. At the same time, we measured the air
temperature in the grassy vegetation.
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Table 1. Morphometric parameters of the thermokarst lake in different years, m.

Year of monitoring | Lake depth Depth of total land Lake width Lake length Talik depth
subsidence

1962 0 0 0 0 0
1973 0 0.5 0 0 0
1974 0 0.7 0 0 0
1975-79 0 1.2 0 0 1.0
1980 1.5 1.5 10.0 50+70 3.0
1990 1.0 2.0 12.0 60+80 3.5
1993 2.0 4.26 15.0 70+85 4.0
1995 2.0 4.30 15.0 75+85 4.5
2000 3.45 4.45 35 383 5.0
2001 3.50 4.58 35 384 5.5

The results indicated that the temperature sum is 5°C
higher for sunny days and 10.2°C higher in cloudy days than
the air temperature in the grassy vegetation. This allows us
to conclude that the total thermal impact of a small water
body on the underlying ground is much greater than the air
impact on the land. Thus, in this area, the water accumulated
in the depressions of the soil surface along unpaved roads
initiates the active development of thermokarst.

When the water depth of a small lake reaches 1.5 m,
thermokarst begins to intensively develop by melting of
ground ice. Up until 2000, two separate, small lakes were
present at the observed part of the Maya-Beke road (see
Table 1). In 2000 the dam between them washed away, thus
forming a single lake along the road.

As Table 1 shows, the ground subsided during the first
17 years due to the increase in the seasonal thawing and to
the thawing of the tops of ice wedges. A thermokarst lake
formed the next year when subsidence reached 1.2 m. It
should be noted that thermokarst depressions are not filled
with water in the years when moisture is insufficient. A
protective layer develops over the ice-rich ground and the
thermokarst process ceases. The depressions are filled with
water during years with much water, which considerably
increases the depth of seasonal thawing. When a lake has a
water depth of 2.0 m, the ground ice beneath remains thawed
all year round. A stable water regime of a thermokarst lake is
maintained when the thawing reserve of ground ice is more
than 35%. Thawing of such an amount of ground ice causes
the self-development of a thermokarst lake, regardless of the
hydrometeorological conditions of certain years. The self-
development continues until the ground ice has essentially
all melted.

Establishment of the lake regime in the Yukechinskiy area
caused the talik under the lake to grow at a rate of 0.5 m per
year. The data show that the ice-rich permafrost intensively
thaws in Central Yakutia when water remains at the soil
surface for an extended period of time.

In 1995, we made one-time measurements of the depth
of thermokarst depressions along the Maya-Tabaga-
Byuteydeekh road located on the Lena-Amga interfluve. The
cryogenic and geologic structure of this area does not differ
from that of the Maya-Beke road. A total of 16 thermokarst
depressions filled with small lakes were surveyed. All the

depressions are found at the water-logged area of the inter-
alas plain. The depth of the depressions along the road varies
from 4.6 to 6.41 m. These data show that thermokarst lakes
develop along unpaved roads all over the territory of Central
Yakutia.

The spatio-temporal analysis of thermokarst lake
development revealed that the emergence and intensive
expansion of thermokarst lakes coincide with the years of
high moistening of the territory (i.e., when the lakes are
full of water). It is established that thermokarst processes
develop rhythmically (Bosikov 1989).

Massive wetting of the territory was observed in 1980
and 1994. As a result, a thermokarst process started and
developed along unpaved roads of the region, specifically
along the Maya-Beke road.

The reason for the drying of the catchment area of alases
was related to forest cutting for electric-power transmission
lines. The route observations revealed that the construction
of electric-power transmission lines along the edge of alas
depressions causes their catchment area to drain and dry up.
Many alases dried up for this reason, although the weather
conditions of those years contributed to the preservation of
lakes.

The formation of hazardous ravines for the water pipeline
was observed 2 km from Syrdakh Village. The formation
of ravines was triggered by the water discharge from a
water pipeline onto the slope of the alas depression, which
is composed of silty clay loess with ground ice. The self-
development of a ravine occurs after the ground ice is
exposed. The depth and degree of thermal erosion depends
on the intensity and length of the impact exerted by flowing
water on frozen ground and on the composition of the
flowing water.

Conclusions

1) The development of lake thermokarst along the
unpaved roads across the non-drained, inter-alas plains
is possible when the ground ice content is more than
35%.

2) After anunpaved road is built, the initial development of
lake thermokarst lasts for decades under a dry climate.

3) The abundant development of lake thermokarst in the
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territory of Central Yakutia was triggered by the rise of
the general moistening of the territory.

4) The flow of melt- and rainwater blocked by unpaved
roads leads to the formation of a small barrier lake and,
further, to the development of thermokarst.

5) The cutting of forest strips in the catchment areas of
alases for the construction of linear structures causes
these depressions to dry up.
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Abstract

Cultures of microorganisms have been isolated from Pliocene-aged permafrost at the Mamontova Gora (Mammoth
Hill) outcrop in Yakutia. The culturable bacterial are few and exist in frozen ground as sporadic survived cells; no
spores or colonies have been observed on microscopic examination of samples. The bacteria are quite low in taxonomic

diversity. All isolated strains are Gram positive and have a limited set of properties.
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Introduction

Permafrost is widespread on our planet and is locally
as old as hundreds of thousands to millions of years.
Frozen ground is a natural storage of the Earth’s oldest
microbial communities and a pool of ancient genes and
biomolecules (Ashcroft 2000). Data on viable bacteria
found in permafrost have many exciting implications for
the evolution of microbial life (Repin 2008), biodiversity
on the Earth (Brown et al. 2001), existence of life on other
planets (Abyzov et al. 20006), and potential biogeochemical
activity of permafrost (Johnson et al. 2007, Brouchkov et al.
2009). Another important factor is that frozen ground can
store viable pathogenic microbes, and special mitigation
measures have to be developed in case of their spontaneous
liberation as a result of natural or man-caused thawing of
permafrost (Repin et al. 2000). Furthermore, knowledge of
the properties of relict microorganisms can provide clues to
their tenacity. This study focuses on new biochemical features
of bacteria isolated from permafrost at the Mamontova Gora
(Mammoth Hill) site in Yakutia.

Sampling Site

Mamontova Gora (Russian for Mammoth Hill) is an
outcrop of ancient permafrost striking for 12 km along the
left bank of the Aldan River, 325 km upstream from its
inflow into the Lena. This is a currently eroding remnant of
the Aldan-Amga watershed composed of up to 80 m thick
alluvium sequences of different ages. Sediments at the base
of the exposed section, where samples were collected, are
mostly sand with Neogene flora. The composition (Markov
1973) records deposition in the Middle Miocene (11-16 Ma).
Permafrost is known to have existed in this part of Eurasia
in the Early Pleistocene, 1.8-2 myr ago (Lazukov 1989),
but paleoclimate reconstructions (Volkova & Kulkova 1988,
Zubakov 1990) from spore-pollen, paleogeographic, and
stratigraphic evidence predict steady cooling throughout
the second half of the Neogene and an abrupt drop of mean
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annual temperatures at the Late Miocene-Early Pliocene
boundary (5.5 Ma).

Permafrost began forming in the area when the mean July
air temperatures fell to +12 to +16°C and the mean Janu-
ary temperatures became as cold as -12 to -32°C in the Late
Pliocene (3.5 Ma) (Bakulina & Spector 2000). The Mam-
moth Hill permafrost never thawed later in the geologic his-
tory, as one may infer from the absence of surface glaciation
in the Quaternary. During the Pleistocene glaciation in east-
ern Eurasia and West Siberia, the arca was likely free from
ice sheets, which could have caused thawing of older perma-
frost (Arkhipov & Volkova 1994, Grichuk et al. 1987). The
Neogene sediments apparently remained frozen throughout
the Pleistocene during the colder continental (colder than
present) and dry climate with low annual precipitation. The
Neogene permafrost persisted even during the Holocene op-
timum, judging by the cryostructure of the upper Miocene
and younger sediments. Late Cenozoic tectonic activity
(Lazukov 1989) prevented the territory from flooding dur-
ing transgressions and from related thawing of permafrost,
which happened in the coastal plains of Yakutia. Therefore,
permafrost at the site may be as old as 3-3.5 Ma.

Figure 1. Sampling site.
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Table 1. Morphological and cultural features of isolated strains

- Morphology
g
s Culturing, colonies ) N
7 Gram stain Cell shape Spores Mobility
6 Medium, opaque, round, yellow, flat, + Short rods with rounded ends - +
smooth, glossy
13
15 Medium, opaque, irregularly-shaped, N Short rods with rounded ends N n
17 colorless, flat, wrinkled, glossy
30
14 Small, semi-transparent, round, colorless, N Short rods with rounded ends ) N
flat, smooth, glossy
2027 | Large, opaque, round, colorless, flat, N Long rods with truncated ends N n
40 smooth, matted
29 Large’ opaque, round, colorless, flat, + Short rods with rounded ends + +
wrinkled, matted
Small, semi-transparent, round, colorless,
+ - - +
32 flat, smooth, glossy Irregularly-shaped short rods
33 Small, semi-transparent, round, colorless, N Short rods with truncated ends ) N
37 flat, smooth, glossy
34 Small, semi-transparent, round, orange, flat, N Short rods with truncated ends ) n
smooth, glossy
39 Srgall, opaque, round, colorless, flat, N Irregularly-shaped short rods ) N
wrinkled, glossy

The permafrost was sampled from the lower and middle
parts of the most strongly eroded and recently slumped
upright bluff walls (Fig. 1), at 15-30 m above the river level
and 40-50 m below the ground surface. According to our
observations, thermal erosion at the site reaches a rate of
4-5 m per year in the upper section and 1-1.5 m/yr in the
middle section. Sampling was from depths 1-1.5 m below
the active layer, which ruled out the presence of previously
thawed sediments.

Paleo-microbiological studies often face a problem of
contamination. In order to check whether extant microbiota
or DNA could penetrate into the permafrost monolith
samples, a special test was performed in which a solution
of synthetic amplicon (1100 bp D-loop of mitochondrial
DNA) was placed on the surface of a sample. The amplicon
concentrations at different depths in the sample measured
after three months of storage implied surface contamination
to be very unlikely in the undisturbed frozen ground, at least
at the storage conditions we applied.

Results

Neither vegetative cells nor spores have been found under
microscopic examination of smears of thawed permafrost.
Therefore, bacteria must be few or, possibly, tightly coherent
with the substrate (Zvyagintsev 1987). SEM images of the
samples show sporadic cells coated with polysaccharide/
polypeptide films.

Visible growth of the incubated bacteria appeared on
the third day. The bacteria exhibited weak growth on solid
media (fishmeal hydrolysate (FH) agar), often being semi-
transparent, and produced some turbidity in liquid media.
Smears contained small and large cells, Gram-positive

asporous rods, and irregularly shaped Gram-positive
cocci.

The cultures isolated from the Petri dishes and broths
were plated in FH agar for obtaining colonies. The
inoculated bacteria were cultured at 28 and 37°C for three
days. Most of cultures did not grow on replica plating, while
inoculation in pure culture yielded strain Nos. 6, 13, 14, 15.
After the soil suspension was incubated for two weeks at
room temperature, rod bacteria of different sizes and cocci
emerged in Gram-stained smears. Growth in another test,
in soil suspension incubated following the above procedure,
was weak on the first day and profuse on the third day, in all
culture media. Gram-positive rod bacteria appeared in the
smears. Unlike the first test, most cultures showed visible
growth on replica plating. Inoculation in pure culture gave
strain Nos. 17, 20, 27, 29, 30, 32, 33, 34, 37, 39, 40. Thus
bacteria surviving in permafrost are in a dormant state and
need some time to resume reproduction.

Some strains shared similarity in culture and morphology
patterns and were tentatively grouped on this basis (Table
1). Strains (Nos. 13, 15, 17, 30) that developed irregularly
shaped colonies with glossy wrinkled surfaces in FH agar
made the largest group, and formed short Gram-positive
rods with rounded ends in smears. Another group included
strains (Nos. 20, 27, 40) that grew as large round colonies
with matted surfaces on agar. That group differed from the
previous one in cell morphology; the bacteria looked like
long spore-forming rods with truncated ends.

Strain 29 was morphologically similar to the second
group of sporous bacteria but had different culturing
properties (Table 1). The other strains were Gram-positive
rods different in morphology or culture. Isolation of such
an amount of microorganisms was possible because their
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Table 2. Biochemical reactions of isolated strains
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14 | + - - - + - - - - - - - - - - - - - -
15 + + + + - + - - - - - + - - - + +
17 + + + + - + - - - - - + - - - + +
20 + - - + + - + - - - - - - + - - - + +
27 + - - - + - + - - - - - - + - - - - +
29 + - + - + - - - - - + - - - + +
30 + + + - + - - - - - + - - - + +
32 + + - - + - + + - - - - - - - - - + +
33 + + + + + - + + - + - - - - - - - + +
34 + + - - + - - + - - - - - + - - - + -
37 + + - - + - - - - - - - - - - - - + -
39 + + - + - - - + - - - - - - -
40 + - - + - - - - - - - - - - -

resting state (endospores) maintained their tenacity in
extreme physicochemical conditions (Greenblatt et al. 1999,
Nicholson et al. 2000). More questions arise about asporous
bacteria. The mechanism responsible for multiple year-long
survival of biological molecules, even in the resting state,
remains unclear (Baker & Agard 1994, Jaenicke 1996, Levy
& Miller 1998).

Most of strains were capable of anaerobic growth on
fishmeal agar or on Hiss’s culture medium (Medzhidov
2003). Some strains exhibited anaerobic growth only
on fishmeal agar with 0.2% KNO,, possibly, by nitrate
respiration. Strain Nos. 13, 17,29, 30, and 33 were incapable
of anaerobic growth on any medium we used. However, the
same strains may possibly develop in anoxic environments
upon some other substrates.

All isolated microorganisms were catalase-positive,
reduced nitrates to gases, and were caseinase-free. The
results of other biochemical tests varied in different strains.
The isolated strains were remarkable in low saccharolytic
activity. As for the peptolitic activity, most of them
demonstrated an ability to release hydrogen sulfide on
peptone decomposition. Most bacterial isolates (10 out of 15)
fixed atmospheric nitrogen and grew profusely on Ashby’s
nitrogen-free culture medium. The nitrogen fixation ability
of microorganisms is important for their survival under
conditions of nitrogen shortage.

Interestingly, the strains of group 1 all behaved in a similar
way in biochemical reactions. Those of group 2 differed
only in their ability to use citrate as a source of carbon and

in hydrogen sulfide production. Strain Nos. 33 and 37, being
similar in culture and morphology, differed in biochemical
activity.

Having investigated the resistance of the strains to
different physicochemical factors, we found out that most
bacteria grew equally well at temperatures from +8 to
+43°C. Such a broad temperature range was observed for
bacteria isolated from permafrost (Abyzov et al. 2004). The
lower temperature limit for most of the strains was +8°C.

When incubated at +2°C for two months, the bacteria
developed no visible colonies. In previous experiments of
this kind (Katayma et al. 2007, Brouchkov et al. 2009), some
isolates could grow even at -5°C. High temperatures (+43°C)
inhibited growth in four strains. The bacteria isolated from
permafrost differed markedly in temperature resistance.
For instance, the optimal growth temperature for Bacillus
sp., strain F, isolated from samples at the same Mammoth
Hill site (Brouchkov et al. 2009) was +37°C, while strains
from the Yakutian and Alaskan ice did not grow at +30°C
(Katayma et al. 2007).

The presence of 6.5% NaCl in the medium inhibited
growth in seven strains; at 10% NaCl, none of the analyzed
strains showed any visible growth. The lower pH limit at
which the isolates could grow was in the range from 5.0 to
6.0. Nine strains were resistant to high pH (11.0) (Table 3).

Comparison of the tolerance limits to different
physicochemical factors showed that the strains of group 1
were similar while those of group 2 differed in tolerance to
6.5 % NaCl and 5.0 pH.
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Table 3. Viability of isolated strains in extreme conditions

Growth at
. 5 —
Strains = 2 o “ o o
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6 - + - - - + + + + - - - ;
13 - + - - + + + + + + + -
14 - + - - - - - - + + + - . - -
15 - + + - - + + + + + + + -
17 - + + - - + + + + + + + -
20 - + + - - - - + + + + + + + -
27 - + + - - - - + + + + + + + -
29 - + + - - + + + + + + + + -
30 - + + - - + + + + + + + + -
32 - + - - - - + + + - - - - - -
33 - + + + - - - + + + + + + + -
34 - - - - - - - + + + + - - - -
37 - + - - - - - - + + + - - - -
39 - - + - - - - - + + + - - - -
40 - + + - - + + + + + + + + -
Table 4. Antibiotic resistance of bacterial strains
Chemical groups Strains
of antibiotics Antibiotic
6 13 14 15 17 | 20 | 27 | 29 | 30 | 33 | 37 | 39 | 40 | 47
. . Streptomycin ++ + + Sl B B S R - - - =+ | ++
Aminoglycosides -
Neomycin T e e I B I B I I I IR I I R
Macrolides Erythromycin ++ - e B o T S o B S B S - | |
Oleandomycin ++ - - + |+ |+ |+ - | | = - — | ++ | ++
Benzylpenicillin ++ |+t - + |+ + - H | | | - - — —
Betalactams Oxacillin ++ | ++ - ++ | ++ - - ++ | ++ | ++ - — - —
Carbenicillin R s S B B S I e I o I I o S +
Aromatic antibiotics | Levomycetin 3 3 B 3 B B N B B ~ ~ - - -
Chloramphenicol

Note: - - resistant strains; + - moderately resistant strains; ++ - sensitive strains.

In other experiments, we studied antagonism of the strains
against several test cultures (E. coli 113-13, S. aureus 209-
P, B. cereus 8035). E. coli antagonism was observed in
one strain (29). Strain Nos. 13, 15, 30, and 39 inhibited
the growth of Gram-positive S. aureus and B. cereus; Nos.
17 and 33 were antagonistic to B. cereus while strain 37
stimulated its growth; strain 29 was active against S. aureus.
Given that the species isolated from permafrost are mostly
Gram-positive, the capability of the isolates to impede the
growth of these bacteria makes them more competitive in
their natural environment.

Strain Nos. 6, 15, 17, and 30 were sensitive to all
antibiotics except chloramphenicol. Strain Nos. 14, 37, 39
showed the highest resistance. Neomycin caused a prominent

antibacterial effect on all isolates. Chloramphenicol showed
weak antibacterial activity: only strain 27 was sensitive to
it (Table 4).

The obtained data differ from those reported for
microorganism isolated from Antarctic ice which
demonstrated high antibiotic resistance (Andreeva et al.,
2008). Possibly, this is because the Antarctic ice is younger
than the Yakutian permafrost. Microorganisms from natural
ice, though being taxonomically similar, differ in the range
of antibiotic resistance as a function of isolation place,
ages of samples, and possibility to interact with the extant
organisms (Mindlin et al. 2008).
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Conclusions

Permafrost from the Mammoth Hill outcrop contains
viable microorganisms. Culturable bacteria are few and
exist as sporadic survived cells. No colonies were observed
on microscopic examination of soil samples.

The isolated organisms are of limited taxonomic diversity.
Most of them turn out to be non-culturable and stop growing
when inoculated into synthetic culture media. No dominant
cultures have been revealed. All isolated strains are Gram
positive and have a narrow scope of properties.

The Mammoth Hill isolates stand out in their capability of
nitrogen fixation, sensitivity to antibiotics, weak antagonistic
activity, and growth within broad ranges of temperatures,
salinity, pH, and other extreme conditions.

The bacteria with the revealed biological properties,
given the very fact of their ancient age, are obviously worth
further investigation and may have good prospects for use in
biotechnologies.
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6'0 Variations in Late Holocene Ice-Wedges and Winter Air Temperature
Variability in the Yamal Peninsula, Russia, and in Adventdalen, Svalbard
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Abstract

The content of stable oxygen isotopes in syngenetic Late Holocene ice-wedges located in the Erkutayakha River valley
in Southern Yamal and in the Adventdalen Valley in Svalbard were investigated and compared. The variation of the
3'%0 values did not exceed 2—3.5%o in the ice-wedges of the two sites, which are 2000 km apart but located in different
climatic areas. The isotope data of the ice-wedges enable reconstruction of the mean winter air temperature for the Late
Holocene. The variability range corresponds to approximately 2.5°C. There is a correlation between isotope curves
from the ice-wedge in the Adventdalen Valley and from glacier ice from the Lomonosov Plateau in Svalbard. This
indicates the correspondence between the scale and the chronology of the change in the climatic conditions in the Late

Holocene.

Keywords: stable oxygen isotopes; radiocarbon dating; Svalbard; Yamal.

Introduction

Here we present a study of Late Holocene ice-wedges
from the Erkutayakha River valley in Southern Yamal and
from the Adventdalen Valley in Svalbard. The main purposes
of the study are to directly date the age of the ice-wedges;
to investigate the content of stable oxygen isotopes in the
ice of one ice-wedge in Svalbard and one from the Yamal
Peninsula, Russia, which have common morphological and
genetic characteristics; and to reconstruct the temperature
conditions of the ice-wedge development.

Areas of Investigation of Ice-Wedges

Ice-wedges in the valley of the Erkutayakha River in
Southern Yamal

Normally ice-wedge polygons are not clearly marked at
the floodplains of the southern Yamal rivers, although ice-
wedges are widespread there.

The climate of Southern Yamal is subarctic, with a long
severe winter and a very short summer (not longer than
50-60 days). The warmest months of the year are July and
August (the mean monthly temperature ranges from 5 to
7°C), while the coldest month is January and sometimes
February (the mean temperature is from -22 to -24°C).
The mean annual air temperature fluctuates between -8 and
-10°C. Annual precipitation totals 400 mm, according to
data of the Marresale meteorologic station.

The Holocene syngenetic floodplain containing wedge ice
was investigated at the left bank of the Erkutayakha River
in the summer of 1998 (68°11'18" N, 68°51'39" E) (Fig. 1).

The elevation of the floodplain surface (above the minor
level of the river reaches 2.5-3 m).The polygons are more
distinct in drier areas. Open frost cracks with the width of
5 mm are observed here. Brown peat is revealed in one of
the bank outcrops.

Within the studied cross section, thickness of peat was
0.2 m. It contained stems and roots of plants. The peat
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layer was underlain by 0.5-m-thick grey sand with massive
cryostructure. Down to the depth of 1.5 m, very peaty and
stratified sand occurred, mainly with massive cryostructure
and lenses of segregated ice

An ice-wedge 0.8 m wide at the top was exposed down
to 0.4 m. The ice was clear and contained no admixtures.
Individual veins with widths up to 4-5 mm were observed
in it.

Ice-wedges in the Adventdalen Valley in Svalbard
Ice-wedges are widespread in Svalbard, primarily in

the lower parts of large sediment-filled valleys (e.g., in

the Reindalen and Adventdalen valleys) (Matsuoka &
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Figure 1. The location of the research areas. 1 - the
valley of the Adventselva River in Svalbard, 2 -
the valley of the Erkutayakha River on the Yamal
Peninsula with polygonal (patterned) relief.
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Hirakawa 1993, Christiansen 2005). The Adventdalen
Valley is located in central Svalbard. It is a wide U-shaped
valley, 3.5 km wide and 27 km long.

The climate of the area is polar, with about 190 mm of
snow precipitation per year. The area is characterized by
considerable temperature fluctuations during the winter
period due to its maritime location. Strong winds from the
east dominate in winter, causing shallow snow thickness,
normally less than 1 m. Permafrost is continuous in the
Adventdalen Valley, and it is up to about 100 m thick. The
thickness of the seasonally thawed layer is about 95-100 cm
(Christiansen 2005).

Ice-wedges are widespread in the valley. The study site
(78°12°05" N, 15° 50°04" E, 9 m a.s.l.) is located on the
lower part of a large colluvial fan with a proximal loess
cover. Elementary ice veins (2-3 mm wide on average)
have been identified in open fissures at the beginning of
summer, and they penetrate to the ice-wedge (Matsuoka
& Hirakawa 1993). Each ice-wedge cracks and acquires a
new annual vein on average once in 6—7 years (Matsuoka &
Hirakawa 1993).

Frost cracking is normally active when the mean daily
winter air temperature is below -15°C (Matsuoka &
Hirakawa 1993). Christiansen (2005) made observations
at the polygons in Adventdalen, where the mean annual
ground temperature at the bottom of the active layer was
about -6°C. According to her observations, frost cracking
was particularly active when the mean daily air temperature
dropped down to or below -20°C and remained at this level
for some time while the ground temperature at the bottom of
the active layer decreased to -15°C.

Methods

Samples of ice-wedges for isotope analysis from the
Erkutayakha site were sampled according to a technique
designed by Yu.K. Vasil’chuk (Vasil’chuk 1992, Vasil’chuk
& Vasil’chuk 1996). This technique suggests detail
sampling of ice along vertical and horizontal profiles. For
isotope analysis from the Erkutayakha site, we selected 25
samples of ice from the upper part of the ice-wedge along a
horizontal profile from the left to right sides of the wedge.
The ice was sampled from blocks cut with an axe at different
distances from the left side. Samples were filtered for control
and analyzed in two laboratories. The most valid values are
shown on an isotopic diagram (Fig. 2). Sixty-five samples of
the ice-wedge were sampled from the Adventdalen site from
the upper part of the ice-wedge along a horizontal profile
using a chain saw. It was sawn long triangles from the top
ice-wedge, exposed in trenches through the active layer at
the end of summer.

The ice samples were kept frozen at -19.5°C and were
analyzed in the laboratory at -5°C. All the ice sample frag-
ments were described on a light table, photographed in the
transmitted light, and further sawed up with a hand saw. The
mineral admixtures were cleaned out of the samples with a
scraper. Samples with a width from 0.7 to 2 cm were put into
separate plastic bags. The sawed samples thawed at 7°C, and
the obtained water was poured into containers of 50 ml.

The isotope composition of the Svalbard ice-wedge was
determined one month after the sampling, using the Delta-V

mass spectrometer equipped with standard Gas Bench in the
stable isotope laboratory of the Geography Department at
the Lomonosov Moscow State University. When measuring
8'*0, we balanced the analyzed samples with CO, during
24 hours. To calibrate the measurements, we utilized the
international standard of the mean ocean water SMOW-V
and the international laboratory standards of the IAEA, as
well as of the isotope laboratory of the Austrian Institute of
Technology.

The isotope composition of the Southern Yamal ice-wedge
was determined by D. Rank and V. Papesh in the Arsenal
Scientific Research Center in Vienna and by E. Soninnen in
the isotope laboratory of the University of Helsinki.

Organic matter from the floodplain was radiocarbon-dated
in the Geology Institute of RAS.

Results of Radiocarbon Dating of the
Ice-Wedges ice in the Erkutayakha and
Adventdalen Valleys

Radiocarbon dating revealed the young age of the ice
wedge and host sediments in the Erkutayakha Valley.
The age of the peat from the ground vein at the depth of
0.3 m made up 1000 £ 170 years (GIN-10632), while the
concentrations of roots at the depth of 1.0 m were dated to
be 1820 = 80 years (GIN-10986). The similar age of 1820
+ 100 years (Hel-4492) was obtained in the radiocarbon
laboratory of the University of Helsinki, which confirms the
validity of the obtained dates.

These radiocarbon dates make it possible to evaluate
the time and intensity of the accumulation of ice veins and
the sediments containing them. The date of the ground
vein (about 1000 years ago) most probably registers the
period of active development of the peat vein and of the
ice wedge after the transition of the surface to the stage of
a high floodplain. Thus, considering that the date of 1800
years relates to the depth of 1.0 m, we assume that about
70-80 cm of sand accumulated for the period of not more
than 800 years. We may assume that the ice veins most
probably began to form in the period of accumulation of a
very peaty sand (i.e., about 1800-2000 years ago). Then,
due to the relatively short-term flooding of the area (between
1800 and 1000 years ago), there accumulated a horizon of
the gray sand, while the development of veins was low
active. They began to increasingly grow about 1000 years
ago when the surface became dry again and acquired the
regime of a high floodplain. In general, it may be stated
that: 1) The sediments composing the upper 2—-3 m of the
floodplain’s profile accumulated approximately 2000 years;
2) The surface of the high floodplain transitioned to the
subaerial regime about 1000 years ago; 3) The wedge ice of
the floodplain has the age of about 2000 years.

Organic material from the outer part of an ice-wedge in
the Adventdalen Valley, close to the study site, was *C AMS
dated to 2850-2955 cal. year BP (AAR-6674) (Jeppesen
2001). Two other *C AMS dates from 2.6 and 2.3 m below
ice-wedge terrain in both sides of the Adventdalen valley
gave ages of 2355-2720 cal. years BP (AAR-6672) and
3590-3695 cal. years BP (AAR-6673) (Jeppesen, 2001).
Therefore, we assume that the studied ice wedge has an age
of around 3000 years.
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Figure 2. The 8"O variations in the Late Holocene ice vein of
the Erkutayakha River’s valley: 1 — the 80 values; 2 — the mean
winter air temperatures.
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Figure 3. The 8"0 variations in the studied ice-wedge from the
Adventdalen Valley: 1 — the 3'%0 values; 2 — the mean winter air
temperatures calculated according to Yu.K. Vasilchuk (1992, 1993)
equation.

Variations of Stable Isotopes in the Wedge Ice

The 630 variations in the ice-wedge of the Erkutayakha
River valley

The 30 values in the ice-wedge varied from -18.0
to -20.63%o0 (Fig. 2), while in the segregated ice lenses
of the floodplain ice-wedge host sediments varied from
-15.01 to -19.76%o. There is good correlation between the
isotope values obtained in the different laboratories used.
The relatively narrow range of the 3'*0 values; fluctuations
indicates rather stable winter conditions at the time of ice-
wedge development. The 4'%0 values make up about -18%o
in the contemporary ice wedge in Southern Yamal.

For calculation of mean winter temperature, we have
applied the equation of Yu.K. Vasilchuk (Vasilchuk 1992,
1993) connecting oxygen isotope values of ice-wedges and
mean winter/January air temperatures:

=5"%0.

mean winter ice-wedge

(+2°C) (D

T =1,55"%0.

January ice-wedge

(£3°C) 2)

The calculation shows that the mean winter air temperature
in Southern Yamal during last 2000 years varied from -17 to
-20°C (i.e., it was close to the contemporary one).

The 6'30 variations in the ice-wedge of the Adventdalen
Valley
The 60 wvalues in the ice-wedge we studied in
Adventdalen range from -12.23%o to -15.4%o (Fig. 3).
According to earlier collected data from the ice-wedges of
the Adventdalen Valley, the 8'30 values ranged from -11.5%o
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Figure 4. The 3'8O variations in the ice-wedges from the
Adventdalen Valley a) from J.W. Jeppesen (2001) from close to the
ice-wedge studied in this paper, b) from H. Vittinghus et al. (2008)
1 - lower ice-wedge profile, 2 - upper ice-wedge part.

to -15.5%0 (Jeppesen 2001) and from -10.5%o to -14.8%o
(Vittinghus et al. 2008) (Fig. 4).

Evaluating the entire range of the §'*0 variations (3-5%o),
we observe that the variations of the stable oxygen isotopes
in the ice-wedges of the Adventdalen Valley are typical of
the Holocene ice-wedges, which, as a rule, make up 3—4%o
(Vasilchuk 2006). The calculation of mean winter tempera-
tures based on the equation of Yu.K. Vasilchuk (Vasilchuk
1992, 1993) shows that the mean winter air temperature in
Adventdalen varied from -12° to -15°C (Fig. 3).

The correlation between ice-wedge isotope variation from
the Yamal Peninsula and from Svalbard

The 6'0 values in the ice-wedge of the Erkutayakha River
valley in southern Yamal vary within the range of 2.6%o:
from -18.0 to -20.63%0. The 8"0 values in the ice-wedge
from Adventdalen Valley vary by 3.2%o: from -12.23%o to
-15.4%o.

The isotope data indicate that the Svalbard winters are less
severe (compare Fig. 2 and Fig. 3), but isotope variations are
more expressed compared to the Yamal Peninsula (Fig. 5).
We select for comparison two fragments of isotopic curves
where we have found some coincidence of peaks.

The isotopic record very likely registers all the most
severe winter conditions, while mild winters are only partly
registered. As a rule, cracking and development of an annual
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Figure 5. Comparison of the isotopic record fragments of the (a)
ice wedge at the Adventselva River floodplain and (b) ice-wedge
in the Erkutayakha River floodplain.
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Figure 6. The comparison between the isotope curves of the ice-
wedge in the Adventdalen Valley (1) and the glacial ice of the
Lomonosov Plateau (2) (from Kotlyakov & Gordienko 1982).

ice vein occurs in severe winters. In mild winters, cracking
occurs less often and ice veins form rarely, therefore the
isotope diagrams may not register many mild winters.

Comparing the Isotope Data from the Ice-
Wedges with Svalbard Glaciers

The ice-wedges that we studied at the floodplain of the
Erkutayakha River valley in Southern Yamal and in the
Adventdalen Valley in Svalbard are both most likely aged
within the last 3000 years. Thus we can regard them as
synchronous and chronologically comparable.

We compared the isotope curves of the ice veins with the
isotope curve of the glacial ice of the Lomonosov Plateau in
Svalbard obtained by V.M. Kotlyakov and F.G. Gordienko
on the basis of the data collected by Ya.-M.K. Punning.
The ice core from the borehole of the Lomonosov Plateau
represents a nicely preserved ice stratigraphy from Svalbard
(Kotlyakov & Gordienko 1982, Punning et al. 1987).

The drill core’s base was dated to the 12th century. The
glacial ice at the Lomonosov Plateau accumulated in the
period comprising the second half of the accumulation stage
of the ice-wedges studies here.

The comparison drawn between the Svalbard isotope
curves of the ice-wedge and the ice core from the
Lomonosov Plateau showed close ranges of the isotope
content variation: §'*0 varied from -12.3%o to -15.5%o in the
ice-wedge, while in the glacial ice it ranged from -11.3%o to
-15.5%o. The coincidence of some isotope peaks was also
registered (Fig. 6).

Conclusions

1) Syngenetic ice-wedges are revealed in the upper
profile part of the high floodplains in the valley of
the Erkutayakha River in Southern Yamal and in the
Adventdalen Valley in Svalbard. The ice-wedges
developed during the Late Holocene, mainly within the
last 3000 years, and continue to grow at present.

2) The close ranges of the isotope variations and the
coincidence of the peaks of the Svalbard isotope curves
of the ice-wedge as well as of the ice core testify to the
correspondence between the scale and the chronology
of the change in the climatic conditions of the given
region for the last 3000 years.

3) The change of the 8'%0 values for the last 3000 years that
occurred in two ice-edge profiles is characterized with
the close ranges of variations: the 8'*0 values varied
by 2.6%o (from -18.0 to -20.63%o) in the Erkutayakha
River valley of Southern Yamal; at the Adventdalen
Valley the 8'30 values varied by 3.2%o (from -12.23%o
to -15.4%o).

4) The isotopic records of the ice-wedges make it possible
to reconstruct the mean winter air temperatures for the
last 3000 years. The ranges of their variability were also
close, and equal 2.5°C (from -18 to -20.5°C) in Southern
Yamal and 3°C (from -12 to -15°C) in Svalbard.
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Mathematical Simulation of Ground Freezing with the Visualization of Cryogenic
Structure under Formation
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Abstract

A numerical solution of the mathematical model of freezing and frost heave of ground under varying conditions of
heat and mass transfer with regard to moisture migration, thaw shrinkage, and the formation of a layered structure is

discussed.

Keywords: cryogenic structure; freezing; grounds; mathematical simulation.

The published results of experimental studies of the
parameters of moisture transfer in frozen, freezing, thawing,
and thawed grounds (see references) provided the basis
for the development of a theory of cryogenic moisture
transfer and frost heave of freezing grounds that, given the
determined mechanism of moisture transfer, can be more
specifically called a “filtration-diffusion theory.”

The essence of the theory is as follows (Cheverev 2004).

Different categories of unfrozen water having physical-
chemical connection with the mineral component of ground
can, to various extents, take part in cryogenic moisture
transfer. However, the major role is played by the osmotic
category of unfrozen water in view of its highest specific
content and its ability to transmit pore pressure. Therefore,
the dominant mechanism in the formation of the driving
forces of the cryogenic flow of moisture in freezing ground
is the osmotic mechanism stemming from the existence of
an electric double layer (EDL).

At the same time, chemically and physical-chemically
adsorbed categories of unfrozen water as well as
immobilized pore solution reduce the frost heave of freezing
ground: adsorbed water, due to its insignificant quantity and
low mobility; the water of intra-crystalline swelling, due
to its non-participation in transit moisture flow; and pore
solution, due to its competing interaction with a diffuse
layer of cations and the non-presence of physical-chemical
connection with the mineral skeleton.

As established experimentally, a layer of transit moisture
transfer with virtually no moisture gradients, but with
pore pressure gradients, is formed in the thawed zone in
front of the moving freezing boundary during the ground
freezing. The moisture content of this layer corresponds to
the shrinkage limit, and the process of thaw shrinkage of
freezing ground is caused by the formation of negative pore
pressure in this zone. In the process of ground consolidation
in front of the freezing boundary, the flow of water from an
external source into the freezing zone emerges and gradually
increases.

There is an excess of the initial moisture content over the
moisture content of the shrinkage limit (AW = Wbeg -W_),
which is related to the fact that moisture in freezing ground
takes part in the formation of schlieren ice. A massive
cryogenic structure of mineral layers and the content of
unfrozen water are formed from the ground moisture content
that corresponds to the shrinkage limit. Where the ground
moisture content does not exceed the moisture content of
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the shrinkage limit during ground freezing, frost heave
deformations can occur only due to the increase of water
volume in the process of water-ice phase transition. The
emergence of an additional flow of water from an external
source into the freezing zone means the transition from a
closed system of moisture exchange to an open one. This
is connected to the increase of frost heaving of freezing
ground, which presents the greatest scientific and practical
interest.

Under the conditions of quasi-steadiness of the freezing
process, the deformation of frost heave due to the external
flow of water depends on the hydraulic conductivity of
ground (A ), the pressure gradient of cryogenic migration
(gradP = [-P (T) + P _, + P (G)] / H), and the duration of
cryogenic migration, as expressed by the following equation:

AH=1.097 3 [-P (T)+P  +P (G)]/H +009H,
(Wbeg b Wshr) + 1’09 Hf (Wshr - Ww) + Kslr Hf + Hf (n -W,

be)?

where H; is the thickness of the frozen zone, W is the
volumetric moisture content of the ground shrinkage
limit, H,, is the thickness of the shrinkage zone, n is the
ground porosity, W_ is the volumetric moisture content due
to unfrozen water content, Wbeg is the initial volumetric
moisture content of ground, K_ is the coefficient of structural
decompaction of frozen ground in the freezing zone that is
a constituent of the temperature deformation coefficient of
frozen ground, 7, is the duration of the external water flow
impact, P (T) is the pressure (the potential) of unfrozen
water at the boundary of segregated ice formation, P, is
the pore pressure at the lower boundary of the thawed zone,
P _(G) is the pressure in unfrozen water due to the static
load upon the freezing ground, H, is the total thickness of
freezing ground.

In the case of freezing in a closed system the first term
of the right part of the equation (1) will be omitted, and the
equation will take the following form:

AH=0,09H, (W, -W_)+L09H (W, -W)+K H+
H (n-W, ) 2)

Based on the obtained results, S.N. Buldovich and
V.G. Cheverev developed a physical formulation and an
approximate analytical solution of the problem of heat and
mass transfer and ice formation in the thawed and frozen
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zones of freezing ground (Ershov et al. 1999). The problem
is solved for a layer of thawed ground with moisture content
at the shrinkage limit. The layer freezes from the surface
under conditions of an open system, that is, with unrestricted
access of moisture at its base (the presence of a water-
bearing stratum).

The main difference between this solution and the
mathematical models in the scientific literature is the
adoption of a one-to-one correspondence between the
pressure gradient of unfrozen water and the temperature
gradient in the frozen zone according to the relation (1.2.7)
in the paper (Cheverev 2004). The intensity of migration
flow of moisture in the frozen zone is as follows:

I, A (T)K-dT/dz 3)

where A (T) is the coefficient of hydraulic conductivity
in the frozen zone of ground, m/h; K is the proportionality
coefficient expressed in meters of water column per a degree
of the temperature of frozen ground that equals 121 m/
degree; dT/dz is the temperature gradient.

Hydraulic conductivity properties of frozen ground
decrease sharply with the decrease of temperature. Therefore,
as the migration flow moves into the frozen zone, the excess
moisture freezes out. It takes part in the formation of ice
inclusions and frost heaves in the frozen zone of ground.
Transit moisture transfer from the area of feeding at the
bottom of the freezing layer towards the freezing front takes
place in the thawed zone. This occurs due to the difference of
negative pressures corresponding to the moisture potentials
both at the onset freezing temperature and the temperature at
the phase boundary of thawed and frozen zones.

The intensity of moisture flow in the thawed zone equals
to:

I, A, K(T,,~ T)hh, )

where & is the coefficient of hydraulic conductivity of
thawed ground; T, and T, are the temperature of the
beginning of ground freezing and the temperature at the
front of freezing respectively; h is the depth of freezing; h, is
the size of the calculated area.

The problem is solved by the method of successive change
of stationary states on the basis of the general heat balance
of thawed and frozen zones.

Contrary to the traditional approach, the temperature
distribution in the frozen zone is not taken as linear but is
defined by a function that accounts for inner volumetric
heat sources. In fact, in the frozen zone the heat release
associated with the crystallization of the freezing out of
migration moisture and, to a lesser extent, the release of
volumetric heat of ground as its freezing take place. Thus the
temperature gradients should increase along the heat flow
movement toward a “cold” surface. The temperature curve
is bent in this direction. The difference of the conductive
heat flows on the “cold” surface and at the freezing front (at
the side of the frozen zone) equals the total intensity of inner
heat sources.

This approach accounts for the complicated direct and
inverse relations between various components of heat and
moisture transfers. For example, the increase of migration
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Figure 1. Heat and mass transfer between two contacting cells.
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Figure 2. Network of cells in the numerical model. The process of
the vertical deformation of a cell is shown. The width of the cell
remains constant, while the height varies.

flow into the frozen zone will cause an additional bending
of the temperature curve and, consequently, a decrease of
the temperature gradient in the bottom part of the frozen
zone. This leads to a drop in the flow intensity. In addition,
the curvature increase of the temperature curve reduces
the amount of freezing bound moisture, etc. Generally, a
change in any component of heat and temperature transfers
inevitably changes the temperature at the boundary of the
thawed and frozen zones. This is the main value determining
the extent of frost heave and moisture transfer between
different zones.

Developing this solution, E.V. Safronov and V.G.
Cheverev worked out a two-dimensional numerical model
of ground freezing. In this model, the area of freezing
ground was divided into a network of cells. Temperature,
ice content, and moisture content were calculated for each
cell and for each time unit based on the equations of heat
and material balance.

The main conceptual issues of the model are as follows:
1) A ground section was taken as a research area. The

section formed a semi-bounded surface, the upper
boundary of which was the front of low temperatures,
whereas the bottom boundary was the source of heat
and moisture.
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Figure 3. The formation of cryogenic structure of freezing kaolinite clay over time. The thawed zone is marked with red
and blue. There is a gradation of moisture content at the transition from red to blue in the direction of the ground moisture
increase. The ground with a moisture content of the shrinkage limit is depicted in red, and the yield point is depicted in
blue. Ice layers are marked in gray, and frozen layers are marked in yellow-green with their ice content increasing from
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Figure 4. The distribution of temperature and moisture content during ground freezing.

2)

3)

4

5)

Unrestricted and time-varying heat and moisture
transfers were allowed at the boundary of the simulation
area. The ground mass for each cell in the simulation
area remained constant.

All parameters of heat and mass transfer (i.e., the
thermodynamic potential, heat capacity, thermal
conductivity, and equilibrium content of fluid phase)
are variable and depend on average values of moisture
content, ice content, and temperature per cell volume
for each cell of the numerical model.

This model examines a change of steady-states at equal
time intervals. That is, heat and moisture flows are
assumed to be constant within a time unit. Temperature,
moisture content, and ice content of the entire cell
volume are also taken to be constant within this time
unit. They are assumed equal to the average value in the
volume. This also applies to all parameters of heat and
mass transfer that depend on them (Fig. 1).

The model allows for the vertical deformation of cells
based on the changes of moisture and ice content in
a cell. In this regard, the model allows for different
moisture content in the thawed zone. It also considers
the process of the thawed zone subsidence under the
conditions of ice schlieren growth during freezing due

6)

to inner sources of moisture in the thawed zone. The
change of the internal stress pattern of a cell due to the
alteration of ground deformation is not yet considered
(Fig. 2).

The model examines the emergence of ice macro-
schlieren from ice micro-schlieren and from ice-cement
of the frozen zone. The increase of ice content above
some critical point is the condition of the formation
of ice macro-schlieren. It is assumed that there is a
thermodynamic potential difference of the films of
moisture on the surface of ice macro-schlieren and
ice-cement, as well as of ice micro-schlieren due to
the excess surface energy of micro-schlieren and ice-
cement.

The numerical model allows us to display the change in

the cryogenic structure of the frozen zone in time under con-
ditions of constant deformation of freezing ground. Figure 3
shows the cryogenic structure of freezing kaolinite clay im-
plemented in the numerical model at different time intervals.

Conditions of freezing (i.e., the values of heat and

moisture flows) were chosen in advance as variable along
the perimeter of the lower boundary (the thawed zone)
and the upper boundary (the boundary of freezing), but as
constant in time (Fig. 4).
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Thus the following abilities of the model can be pointed
out:

1) Establishment of the primary layered cryogenic
structure in freezing ground and the prediction of its
evolution in time.

2) Changing boundary conditions of heat and mass transfer
along the volume of freezing ground and over time.

3) Establishment of the dynamics of shrinkage and frost
heave of freezing ground.

4) Simulation of freezing of ground of random shape.

5) Simulation of heat and moisture transfers in freezing
ground in contact with an engineering facility.
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Radiocarbon Chronology and Dynamics of Palsas in the Russian European North
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Abstract

Palsas in frozen mires of the Russian European North (near Usa, Abez, Nikita, Eletskiy, and Khanovey settlements
and the Bugry station) were studied and '*C dated. During the Holocene, the paleodynamics of these palsas were not
similar. Some of them actively grew even during the Holocene optimum. Their current state even within the same
massif can be both degradational and stable and aggradational and pulsating.

Keywords: European North; Holocene; palsa; stratigraphy; radiocarbon age.

Introduction

Palsas (frost mounds of a maximum height of about 10 m
with an icy core composed of peat or peat-overlying mineral
deposits) are widely distributed in Northern Europe, Asia,
and northern North America.

Palsas are one of the most prevalent forms of permafrost
terrain. Most frequently they are found in districts with higher
annual mean temperatures (about zero) in areas of continuous
and sporadic permafrost, but they are also frequently found
in colder continuous permafrost (Akerman 1982, Washburn
1983, Vasil’chuk & Lakhtina 1986, Vasil’chuk & Vasil’chuk
1998, Vasil’chuk et al. 2008). They are almost always found
in the northern regions where peatlands are present and are
usually developed in areas with long winters and a thin snow
cover.

The beginning of the formation of a palsa as a landform
can be determined by radiocarbon dating of deposits formed
at the time when the heave surface appeared above the water
surface of the surrounding bog. The time of heave can be
reliably determined by the identification of the deposits that
were accumulated in the palsa stratigraphy during this initial
period of heaving.

Recent studies have observed significant and relatively
rapid changes in the distribution of permafrost and palsas
during the second half of the 20" century and the beginning
of the 21* century in Northern America and Europe. These
changes showed a reduction of area occupied by palsas in
arctic and subarctic peatlands, and are usually considered
to have occurred in response to global climatic changes.
At the same time, there are data revealing that the growth
and dynamics of individual palsas are associated with local
factors that influence the hydrology. These may include
river channel migration, changes in lake configuration,
and even the activity of beavers (Lewkowicz & Coultish
2004). There are data on the current growth of palsas and
the range of expansion in both the south and the north of the
cryolithozone (Vasil’chuk et al. 2008).

According to studies by Yu.K. Vasil’chuk, the mechanisms
of palsa formation can be varied (Fig. 1). For some palsas,
hummocks are formed in bogs during the development
of vegetation. During freezing, the moisture is supplied
to hummocks from all sides, and heave results. Freezing
gradually penetrates deeper peat, clayey silt, and clay.
During freezing, shrinkage of the ground surrounding the
hummock takes place due to desiccation. On the contrary,
the hummock continues to heave as a result of the supply of
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additional water and moisture migration to the freezing front
under conditions of negative temperatures and low long-
term gradients. This leads to the formation of segregated ice
schlieren. However, this is only one of the possible scenarios
for palsa development. Palsa formation within depressions
with high moisture content and active peat accumulation
(Fig. la) is also very common. A combination of palsa
formation mechanisms at the place of a hillock and in a
depression can also be noted within a single palsa massif.
Moreover, the ice content of a palsa formed in the moistened
depression can be significantly higher than that of a palsa
primary formed at the hummock (Fig. 1b).

Yu.K. Vasil’chuk (1983) carried out a detailed study of the
ice content and cryogenic structure of palsas in the north of
West Siberia near Azovy settlement. Based on those results,
he noted that the total thickness of ice lenses is often 3-4 m
less than the height of a palsa above the depressions.

Moreover, a great number of cavities and hollows with
a total volume of up to 20% of the surrounding permafrost
volume were found in ice-rich palsa sections. Similar cavities
and hollows were earlier observed by N.G. Bobov (1960)
in palsas of Central Yakutia. A.P. Gorbunov’s observation
(1967) is very valuable as well. He noted that intensive air
(and even paper sheets) suction into a borehole occurred
in the process of drilling one such palsa at the Tian Shan.
This unambiguously indicates the presence of cavities with
vacuum.

Radiocarbon Dating of Palsas

The authors obtained 75 new radiocarbon dates for
the peat covering palsas in the Usa River basin of the
Bolshezemelskaya tundra (near Usa, Abez, Nikita, Eletskiy,
and Khanovey settlements and Bugry Station).

A palsa 3.2 m high (Fig. 2) near Bugry Station was
selected for dating. The peat accumulation began here about
8.6 ka BP. Freezing began 2.3-2.1 ka BP, and this palsa was
formed as a result.

Several palsas of various ages were studied in detail and
dated near Usa settlement. A small palsa (height of 0.8 m,
Fig. 2B a) was the youngest; the hypnum peat at the depth of
0.1 m is 140 years old. In the section of a palsa that is about
4 m high, the buck-bean valley peat at the depth of 0.8 m is
6.65 ka BP, and at the depth of 0.3 m the peat is 5.2 ka BP
(Fig. 2B d). This palsa is the most ancient.

Radiocarbon dating of a 3-m-high palsa near Abez
settlement was carried out on eight samples of peat taken
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Figure 1. Scheme of palsa formation during heaving of the
flooded depression and of the hummock, and further growth of
palsa and their ice content with supply of methane from below
that contribute to floatation of palsa. 1 — ice lenses, 2 — water,
3 — organic mass (the source of methane).

from the axial part. It showed that the accumulation of peat
began there at 5.6 ka BP. The accumulation of peat ended at
2.7 ka BP, which was established by “C dating of transient
moss-grass peat sampled from the depth of 0.1 m (Fig. 2C).
Two similar radiocarbon dates were earlier obtained by
Evseev (1976) from the base of the peat in a palsa near the
same village (5.7 and 5.5 ka BP).

The transition from the peat formed 8.2—7.5 ka BP under
conditions of a forest horsetail bog (within the depth interval
0.80—0.65 m) to the peat with a high content of wood remains
(which probably indicates partial desiccation of the site)
about 5.3 ka BP (Fig. 2D b). This is found at 0.65 m depth
in the section of the 4.7-m-high palsa near Nikita settlement.

A palsa 3.5 m high (Fig. 2D c) was studied 1.5 km to the
south of this settlement. Remains of a large bush and wood
at the depth of 0.4-0.5 m was dated at 6.3—-6.1 ka BP and
indicate the subaerial conditions of peatland development.

A small 0.7-m-high palsa is composed of lowland peat
(Fig. 2D a). It began to heave at 1.5 ka BP.

A 4-m-high palsa near Eletskaya settlement is covered by
peat 1.15 m thick (Fig. 2E a). The wood-sedge peat from
the depth of 0.3 m has an age 4.8 ka BP and represents
the initiation of heaving. The second 3.5-m-high palsa is
covered by peat about 1 m thick (Fig. 2E b). Massif drying
as a result of heaving occurred at 7.42—7.12 ka BP.

A 2.5-m-high palsa (Fig. 2F) was dated near Khanovey set-
tlement. Peat at the base started accumulating 8.8 ka BP. Re-
mains of aquatic plants indicate that peat accumulation here
occurred in eutrophic conditions. Peat from 0.6 and 0.5 m
depths was dated at 8.5 and 7.5 ka BP, respectively. Peat in
the depth range 0.3—0.1 m is much younger, between 3.75 and
3.85 ka BP. A recent date was obtained for the palsa’s top.

Radiocarbon dating of three samples taken from the
slope of this palsa demonstrated that the peat here is much
younger than in its axial part and has an age of 2.9-2.8
ka BP. The peat thickness here does not exceed 0.25 m.
Moreover, dating inversion is noted here (a date of 3.5 ka BP
between 2.9 and 2.8 ka BP). This is a result of peat sliding

downward from the earlier formed palsa, or of filling of
cavities formed during heaving. Younger ages from modern
to 480 years were obtained for the palsa basis and for the
flooded depression around it.

Radiocarbon dating allows us to state that palsa formation
could occur in different Holocene periods (including the
present), both in different geocryological zones and within
a single massif. This is indicated by the changes in peat
composition and its accumulation rate. This allowed us to
reconstruct the initial events of heaving and palsa formation
from different massifs (Fig. 2).

Dynamics of Palsa Development in the
Holocene

It is assumed that the Holocene optimum covering about
two thirds of the first half of the Holocene was a period of
general permafrost degradation and decay of most palsas.
But our research showed that this is not absolutely true.

H. Seppa and colleagues (Villiranta et al. 2010, Salonen et
al. 2011) studied the changes in the woody vegetation during
the Holocene at palsa massifs in the Bolshezemelskaya
tundra and the Pechora River basin. They assume that the
expansion of the natural areas of woody vegetation (spruce,
birch) occurred in this region (currently located at the
treeline and outside it) during the Holocene optimum. The
vegetation grew here as isolated sparse forests since the
beginning of the Holocene (Villiranta et al. 2010).

During the Holocene optimum, which is defined here be-
tween 8.0 and 3.5 ka BP, the summer mean temperature in tun-
dra was 3°C higher than present (Salonen et al. 2011). Spruce
forests were growing at that time around the Khariney Lake
located 150 km to the north of the modern treeline. The tem-
perature decreased about 3.5-2.5 ka BP, which led to an active
aggradation of permafrost and intensive palsa growth, as well
as wood vegetation extinction. The most ancient remains of
the vegetation dated about 2.5 ka (Salonen et al. 2011).

Radiocarbon dating allowed us to define the beginning of
heaving and the dynamics of palsas in the Holocene in the
areas near the Bugry Station and Usa, Abez, Nikita, Eletskiy,
and Khanovey settlements.

Calculations show that the heave processes within the
areas are caused both by general climatic changes and local
factors. Peat accumulation rate, periods of heaving, and the
duration of the subaerial and the subaquatic phases can be
different within the same massif.

Nonetheless, the stages of the intensification and relative
decrease of heave processes can be identified based on the
large amount of data. Permafrost did not degrade and, on
the contrary, the formation of new palsas could begin during
the Holocene optimum even within the southern part of
the cryolithozone. Intensive peat accumulation as a result
of high summer temperatures and the same winter severity
(locally more severe than present) during the Holocene
optimum were the main factors in this phenomenon, which
at first glance can seem to be a geocryological contradiction.

The studied palsas are described in more detail below.

Bugry Station
It was found that at the initial stage the growth of a small
palsa 0.8 m high near the Bugry station repeatedly ceased. It
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Figure 2. Radiocarbon dating of palsas in the Bolshezemelskaya tundra (Vasil’chuk et al. 2003, 2008): A — Bugry station, B — Usa settlement,
C — Abez settlement, D — Nikita settlement, E — Eletskiy settlement, F — Khanovey settlement. 1 — peat (a) and tree branch (b), 2 — clayey silt,

3 — radiocarbon dates, 4 — heaving event.

was evidently formed during the past century, since the age of
the sample from 0.1 m depth and that of the sedge-hypnum
peat from the surface is approximately 140 years (Fig. 2A).

The formation of another palsa about 2 m high started not
earlier than 3.7 ka BP. Since a sedge-hypnum peat bed is
at the surface, it can be assumed that the heaving process
was quite fast. This is associated with the fact that the high-
bog peat did not have enough time to form. Since there is
no lichen cover the palsa, it can be assumed that heaving
occurred not long ago (within the past100 years).

Change of sedge lowland peat 7.10 ka BP (at 0.5 m depth)
to lowland buck-bean peat 6.32 ka BP is found in the section
of a 2.5-m-high palsa. This indicates the activation process
in the change of the water-mineral supply regime between
7.1 and 6.3 ka BP. According to radiocarbon dates and peat
composition, heaving occurred here not earlier than 6 ka BP.

The formation of a palsa about 4 m high began not earlier
than 6.5-6.0 ka BP. At the same time, the buck-bean low-
land peat was replaced by the woody peat with residuals of
pine, willow, and birch. The peat accumulation rate during
the subaquatic phase was quite high at 0.06 cm/yr. Accord-
ing to the correlation of dates and the peat layer thickness,
the transition to the subaquatic phase was completed about
5 ka BP. At that time peat accumulation and palsa growth
ceased completely.

Usa Settlement

The heaving process near Usa settlement was most
intensive after 6.5-6.0 ka BP. The palsa rose above the
surface by 2-3 m. Some of the palsa formed at that time
is beginning to decay. However, the active heaving process
started again 3.7-2.1 ka BP and is still going on. The uplift
of the younger palsa surface is 0.35-1.60 m (Fig. 3A).

Abez Settlement

The formation of a palsa near Abez settlement started
about 2.7 ka BP. This is identified by a transition to the
young (i.e., quickly freezing) transient moss and moss-grass
peat with the remains of scheuchzeria, herbs and cowberry
(Fig. 3B).

Nikita Settlement

The formation of a 4.7-m-high palsa near Nikita settlement
started about 7.5 ka BP, according to replacement of the
lowland bog peat by peat with high content of woody remains.
This probably indicates partial site drying (Fig. 3C). Heaving
took a long time, according to the peat accumulation rate.
The transient phase was completed about 2.7 ka BP. Buck-
bean (Menyanthes trifoliata), sedge (Carex chordorrhiza, C.
diandra), and horsetail (Equisetum) remains are found at the
depth of 0.25-0.35 m. This indicates the partial thawing and
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Figure 3. Assumed heave events (shown with arrows) and the
rate of peat accumulation in palsas of the Bolshezemelskaya
tundra: A — Usa settlement, B — Abez settlement, C — Nikita
settlement, D — Eletskiy settlement, E — Khanovey settlement.

subsidence of the palsa about 4.5 ka BP. Later it recovered
again and grew until reaching its current size. A 3.5-m-high
palsa started forming about 6.7 ka BP. This is identified by
replacement of black woody-horsetail near-bottom peat with
remains of wood and large bushes.

Partial thawing of the palsa probably occurred about
5 ka BP, according to horsetail remains in the peat at the
depth of 0.2-0.3 m. Then the palsa recovered again (not
carlier than 3.6 ka BP). A 0.7-m-high palsa composed of
peat accumulated in conditions of intensive flooding of the
site began growing about 2.3 ka BP. This was defined by
replacement of sedge lowland peat with sedge-hypnum peat
containing buck-bean and herbs. The heave was extremely
unstable; it evidently thawed and subsided repeatedly and
it is most probable that only a low hillock or a hummock
remained after the subsidence. Then it froze and heaved
again. But after 1.5-1.4 ka BP this pulsating state was
transformed to a more stable one.

Eletskiy Settlement

The beginning of heaving and termination of the
subaquatic phase of palsa development was identified in the
section of the 4-m-high palsa near Eletskiy settlement at a
depth of 0.3 m, dated at 4.8 ka BP. The next subaerial phase
lasted for about 5 ka.

The formation of a 3.5-m-high palsa evidently occurred
at 7.5 ka BP. The rate of peat accumulation during the
subaquatic phase was 0.27 m/ka (Fig. 3D). The peat
accumulation rate during the subsequent subaerial phase
was 0.08 m/ka. Sedge lowland-type peat is found on the
palsa top. This can indicate a partial thawing of the palsa
4.7-3.1 ka BP.

It can be assumed that the heave process near Eletskiy
settlement occurred most intensively about 7.7 ka BP, when
the palsa grew by 3.0-3.4 m.

Khanovey Settlement

Dating of the peat from the palsa near Khanovey settlement
showed a long gap in peat accumulation or a steep slowing
down of the peat formation process between 7.5 and 3.5 ka
BP. This testifies to the massif’s freezing and the formation
of a comparatively low palsa. Peat accumulation resumed
for a short period about 3.5 ka BP. Since a recent date was
received for the palsa top (the peat accumulation is still
going on), it is evident that the palsa uplifted above the
surface not long ago (Fig. 3E).

The distribution of radiocarbon dates in the palsa section
(more ancient in the axial part and younger on the slope)
demonstrated two important points. Firstly, this landform is
properly identified as a palsa. It is not a residual that formed as
a result of erosion of an initially flat peatland. The followers
of the hypothesis of the erosional origin of palsa in this area
agreed. It was also acknowledged by the researchers who
recognized heaving as the main mechanism of palsa-like
forms. They thought that in the Bolshezemelskaya tundra
this process takes place in more southern areas, while the
heave terrain forms that occurred in the North near Vorkuta,
under the conditions of colder ground temperatures, were
referred to as residual large-block forms generated as a
result of erosion in frost cracks. Secondly, both the initial
period of heaving 7.5 ka BP and the time of secondary
additional heaving approximately 3.5-2.8 ka BP are clearly
observed here. At the time of initial heaving, a small palsa
several meters in diameter and probably no more than 1.0—
1.5 m high was formed. At the time of secondary heaving,
a palsa more than 3 m high and more than 45 m in diameter
was formed from the initially small one. It covered the
surrounding flooded depression where peat accumulation
occurred 2.8 ka BP, but then stopped after heaving.

Usa River Valley

Palsa mires in Usa River valley developed in several
stages. A 3.5- to 5.0-m-high palsa was formed 7-6 ka BP.
The height of the peatland surfaces at that time reached
2.25-4.00 m. Smaller palsas were formed 3.5-2.0 ka BP.
Their height was 0.35 m.
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Conclusions

1) Palsas are found in the European North both in areas of
continuous permafrost and in areas of discontinuous or
sporadic permafrost.

2) The southern limit of palsa formation in the European
North coincides with the southern permafrost boundary:
it is approximately 67°50'N for the Kola Peninsula and
southward from 66°20'N for the Bolshezemelskaya
tundra. The northern limit reaches 68°10'N in the
Nenets Autonomous Area and 67°30'—68°00'N in the
Bolshezemelskaya tundra and extends far into the zone
of cold continuous permafrost.

3) Permafrost did not always degrade and, on the contrary,
the formation of new palsas could have begun during
the Holocene optimum, even within the southern part of
the cryolithozone. This occurred due to intensive peat
accumulation as a result of high summer temperatures
and winter severity during the Holocene optimum.

4) Some palsas have a cyclic development; thermokarst
impacts the surface of earlier formed palsa, which
leads to the abrasion and subsidence of some of them,
and subsequent massif drainage is completed with the
formation of a new palsa.

Acknowledgments

This work was completed with a partial support of the
Russian Foundation for Basic Research (grants 10-05-
00986 and 11-05-01141) and the Federal Agency of Science
and Innovations (state contract 02.740.11.0337).

References

Akerman, H.J. 1982. Observations of palsas within the
continuous permafrost zone in eastern Siberia and in
Svalbard. Geografisk Tidsskrift No 82: 45-51.

Bobov, N.G. 1960. Modern formation of palsa (permafrost
heaves) in the Lena-Vilyuy interfluve. Izvestiva AN
SSSR. Ser. Geograficheskaya No 5: 64-68 (in Russian).

Evseev, V.P. 1976. Regularities of palsa (migrational frost
heaves) distribution in the European part of the USSR
and Western Siberia. Cryolithology problems. No 5: 95-
159 (in Russian).

Gorbunov, A.P. 1967. Tian Shan permafrost. Frunze: Ilim,
166 pp. (in Russian).

Salonen, J.S., Seppa, H., Valiranta, M., Jones, V.J., Self, A.,
Heikkila, M., Kultti, S., & Yang, H. 2011. The Holocene
thermal maximum and late-Holocene cooling in the
tundra of NE European Russia. Quaternary Research.
V. 75. Iss. 4: 100-111.

Seppéld, M. 2011. Synthesis of studies of palsa formation
underlining the importance of local environmental and
physical characteristics. Quaternary Research V. 75:
366-370.

Villiranta, M., Kaakinen, A., Kuhry, P., Kultti, S., Salonen,
J.S., & Seppd, H. 2010. Scattered late-glacial and early
Holocene tree populations as dispersal nuclei for forest
development in north-eastern European Russia. Journal
of Biogeography V. 38. Iss. 5: 922-932.

Vasil’chuk, Yu.K., Vasil’chuk, A.C., Sulerzhitsky, L.D.
et al. 2003. Radiocarbon Chronology of palsa in the
Bol’shaya Zemlya Tundra. Doklady Earth Sciences
Vol.393, No.8: 1160-1164.

Vasil’chuk Yu.K. & Vasil’chuk A.C. 1998. The "“C age of
palsas in Northern Eurasia. Radiocarbon. V. 40. No 2:
895-904.

Vasilchuk, Yu.K., Vasil’chuk, A.C., Budantseva, N.A., &
Chizhova, Ju.N. 2008. Palsa of frozen peat mires / Ed.:
Member of the Russian Academy of Natural Science,
Prof. Yu.K. Vasil’chuk. Moscow University Press, 571
pp. (in Russian).

Vasilchuk, Yu.K. & Lakhtina, O.V. 1986. Palsas development
in north of Western Siberia during Holocene. Permafrost
ground formation and forecast of cryogene processes.
T.N. Kaplina (Ed). Moscow. Publ. House Nauka: 123-
128 (in Russian).

Vasilchuk, Yu.K. 1983. About formation specific of palsas
in the northern Western Siberia during Holocene.
Natural conditions of Western Siberia. Prof.A.1.Popov
& Prof.V.T.Trofimov (Eds.). Moscow University publ.:
88-103 (in Russian).

Washburn, A.L. 1983. Palsas and continuous permafrost.
Proceedings of the Fourth International Conference
on Permafrost, Fairbanks, Alaska, United States, July
17-22, 1983. Edited by Pewe T.L., Brown J. Fairbanks,
Washington, D.C.: National Academy Press: 1372-
1377.



56 TENTH INTERNATIONAL CONFERENCE ON PERMAFROST




Temperature Dependence of the Equilibrium Pore Water Content
in Gas Hydrate Contained Sediments
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Abstract

Analysis of sediment composition of saturated gas hydrates revealed that pore water does not completely transform
into gas hydrates. The minimal possible amount of water in the sediment at fixed thermo-pressure conditions may
be considered as equilibrium residual water (nonclathrated water), analogous to unfrozen water in frozen sediments.
Experimental study of equilibrium for the “pore water in sediment — hydrate-forming gas — bulk gas hydrate” system
allowed us to develop the technology for determination of nonclathrated water in sediments. On the basis of the
proposed technique the experimental data of nonclathrated water content were obtained in different conditions. These
data allow us to define the dependence of nonclathrated water content via pressure, temperatures, type of dispersed
sediment, and hydrate-former (methane and carbon dioxide). A comparison of the behavior of nonclathrated water and

unfrozen water is presented.

Keywords: equilibrium water content; gas hydrates; unfrozen water; nonclathrated water; sediment; ice.

Introduction

Experimental investigations and analysis of the phase
composition of gas hydrate saturated sediments (Chuvilin et
al. 2005) revealed that pore water in sediments is not fully
converted into the gas hydrate phase at fixed temperature
and pressure due to thermodynamic (pore distributions of
disperse sediments leads to phase transition for a spectrum
of temperatures) and kinetic (absence of direct gas-water
contact during pore gas hydrate formation) factors. Thus the
residual pore water in the disperse sediment samples can be
subdivided into two essentially different types:

1) Pore water that cannot be converted into the hydrate
phase at the considered temperature and pressure (this
is an equilibrium part of liquid water at pore space).

2) Pore water that may be transformed into gas hydrate
from a thermodynamic point of view, but such a process
is not fully completed for kinetic reasons.

The equilibrium part of the pore water in sediments under
consideration (in relation to bulk gas hydrate phase at given
pressure and temperature) was called “nonclathrated water,”
as analogous to “unfrozen water” in frozen sediments
(Chuvilin et al. 2008, 2011).

Nonclathrated water (as well as unfrozen water) influences
the physical and mechanical properties of sediments.
Therefore, we need to develop an experimental method for
detecting the amount of nonclathrated water in the samples.

Method of Determination of Nonclathrated
Water within Sediments

The proposed technique for determination of the
nonclathrated water content is based on measuring the
equilibrium water content in a dried sediment plate placed in
close contact with an ice plate under isothermal conditions
of pressure that is created by a gas that will form the hydrate
(Chuvilin et al. 2008, and Method for determination of pore
water content in equilibrium with gas hydrate in dispersed
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media). The technique is similar to the contact method for
the unfrozen water estimate in geocryology.

It should be pointed out that according to our experimental
data, the gas hydrates appear on the ice surface under these
conditions. The three-phase equilibrium (pore water — gas —
bulk gas hydrate) may be studied by this method due to the
hydrate film covering the ice plate (Chuvilin et al. 2011).
The technique includes preparation methods of sediment
and ice plates for the experiment and data processing.
Modeled sediments with well-known properties were used
for test experiments: kaolinite clay and sand-clay mixes
consisting of quartz sand with kaolinite or montmorillonite
clay particles (Tables 1, 2).

Table 1. Granulometric composition of sediments.

Type of Particle size distribution/%
sediment 1-005 | 0.05- | <0.001
mm 0.001mm mm
Quartz sand 94.8 3.1 2.1
Kaolinite clay 4.5 70.9 24.6
Montmorillonite 0.3 46.2 53.5
clay

Table 2. Mineral composition and some properties of sediments.

Type of Mineral]|p, S/%
sediment composition g/cm’
Quartz sand Quartz >90% 2.65 0.012
Kaolinite clay Kaolinite 92% 2.66 0.043
Quartz 6%
Muscovite 2%
Montmorillonite | Montmorillonite | 2.45 1.988
clay 93.4%
Andesite 2.9%
Biotite 2.9%
Calcite 0.8%
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Most of the experiments were obtained on the kaolinite
clay samples. During preparation of the sand-clay mixtures,
the weight content of clay particles was set at 14, 25, and
40%. The air-dried sediment plates and ice plates were
cooled in a cold room in temperatures from -8 to -10°C and
while in contact under isothermal conditions. Each dried
sediment plate was placed between two ice plates to form
laminated cassettes.

The prepared ice-sediment cassette was placed into
a special pressure chamber cooled to the experimental
temperature. The experimental pressure chamber filled with
the ice-sediment cassettes was pressurized at a negative
temperature (-8 to -10°C). Then the chamber was evacuated
and subsequently saturated with cool hydrate-forming gas
(methane or CO,). During methane pressurization, the initial
gas pressure registered from 0.1 to 8.7 MPa and for CO,
from 0.1 to 2.5 MPa. The pressure chamber containing the
ice-sediment cassettes was placed into a cooling chamber
with a constant negative temperature. The thermostat system
used in these experiments allowed for maintaining a constant
negative temperature in a pressure chamber with an accuracy
of +£0.2°C. The determination of nonclathrated water content
in different model sediments and the estimation of gas-
pressure influence on nonclathrated water content were
carried out at -7.5°C.

During the experiment, the cooling chamber temperature
remained constant and the pressure chamber pressure was
fixed. As a rule, in the beginning of the experiment, pressure
in the pressure chamber declined slightly because of hydrate
formation on the ice plate surfaces.

At the end of the experiment, pressure was released
and the pressure chamber was opened in the cold room.
The sediment and ice plates (covered by hydrate under
the pressure of hydrate-forming gas) were separated from
each other. The equilibrium water content was determined
using an electronic balance with an accuracy of 0.001 g.
Determination of nonclathrated water content was replicated
two or three times. During the experiment (14 days), the
equilibrium water content was reached for all the sediment
samples independent of their composition and experimental
conditions (Chuvilin et al. 2011). All experiments are
at thermodynamic equilibrium and the characterized
nonclathrated water content was in a hydrate-containing
medium. Determining the temperature effect on the
change of nonclathrated water content in model sediments
was carried out under the fixed gas pressure for methane-
saturated samples of 4.3 to 4.1 MPa, and for CO,-saturated
samples of 1.65 to 1.6 MPa. Under the given conditions,
temperature influence was studied in methane- and CO,-
saturated samples from -13 to +4°C.

To extend this method for positive temperatures, we
used ice-containing quartz sand plates instead of ice plates.
Prepared cassettes made of plates of air-dried sediment and
frozen sand were placed inside the pressure chamber and
kept under pressure of hydrate-forming gas during 5 days at
constant negative temperatures (-6 to -8°C). After part of the
porous ice had transformed into hydrate, the temperature was
stepwise (by 2 to 3°C) increased to 0°C within 1 to 2 days.
After that, the experimental temperature was set and the
pressure chamber was kept under experimental conditions
from 7 to 10 days until equilibrium water content was

reached (the time depends on thermobarometric conditions
and type of sediment). The chamber then was cooled to -6
to -8°C, pressure was released to the atmosphere, samples
were recovered, and their gravimetric water content was
determined. The content corresponded to nonclathrated
water content at experimental positive temperature values.

The elaborated method allows determination of equilib-
rium water content (nonclathrated water) in sediments of
different composition in a wide range of pressures and tem-
peratures.

Experimental Data and Discussion

Based on the proposed method, a set of experiments was
carried out to estimate the nonclathrated water at three-
phase equilibrium conditions (gas-liquid water—bulk CH, or
CO, hydrate) in model sediments.

Temperature influence

At fixed gas pressure, the nonclathrated water content in
sediments depends on temperature. During a temperature
rise, the maintenance of nonclathrated waters is increased in
full analogy with unfrozen water behavior. In Figure 1, it is
possible to see the changes of nonclathrated water content in
methane-saturated kaolinite clay at fixed pressure of about
4.2 MPa (£0.1 MPa). As follows from obtained data, the
increase of equilibrium temperature from -10.6°C to 4°C led
to the more than 2.5 times increase in nonclathrated water
content. In comparison with unfrozen water, the maintenance
of nonclathrated water in sediment is lower. This distinction
increases with a rise in temperature, so at -10°C it was less
than twice but at -3°C it was exceeded by three times.

Temperature dependence of nonclathrated water content
for CO,-saturated sediments at a fixed gas pressure (1.6
MPa) is shown in Figure 2.

These data show that nonclathrated water content of
hydrate-bearing sediments increases sharply at temperatures
above 0°C and when approaching the equilibrium
temperature.

Gas pressure influence

Figure 3 presents the results of nonclathrated water deter-
minations in kaolinite clay, which was saturated by methane
at pressure from 0.1 to 8.7 MPa and by CO, at pressure from
0.1 to 2.5 MPa and temperature of -7.5°C. As the experi-
mental data show, the nonclathrated water content in kaolin-
ite clay declines as the pressure increases. In the pressure
range from 2 to 4 MPa, this decrease is very steep, virtually
by two times. At a pressure increase of 4 to 8.7 MPa, the
equilibrium water content reduction becomes negligible.

When pressure increased from 4.3 to 8.7 MPa, the
nonclathrated water content decreased by only 0.35%. At
pressure above 6 MPa, this decrease is not more than 0.1%
(Fig. 3). The power type dependence has been obtained on
nonclathrated water content via gas (methane) pressure for
kaolinite clay.

The nonclathrated water from pressure in CO,-saturated
sediment is similar to that in methane-saturated sediment;
however, quantitatively they strongly differ. This is related
to differences in the thermobaric conditions of hydrate CH,
and CO, (Fig. 3). As seen from the obtained experimental
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Figure 1. Temperature influence on equilibrium pore water
content in kaolinite clay. 1- nonclathrated water content under
methane pressure (pressure = 4.1 to 4.3 MPa); 2- unfrozen water
content at atmospheric pressure.
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Figure 2. Temperature influence on nonclathrated water content
in kaolinite clay under CO, gas pressure (pressure = 1.6 MPa).

data, nonclathrated water content in CO,-saturated kaolinite
clay declines under increasing pressure. In the pressure range
of 0.9 to 1.6 MPa, this decrease is abrupt, virtually by two
times. Then, at a pressure increase of 1.6 to 2.5 MPa, the
equilibrium water content reduction becomes negligible. At a
pressure above 1.6 MPa, this decrease is not more than 0.1%.

Sediment type influence

Nonclathrated water content dependence on pressure is
determined mainly by dispersion and mineral composition
of sediment.

The experiment on estimation of nonclathrated water
content in sandy-clay mixtures showed that at the same
content of clay particles but with different mineral
composition, the nonclathrated water content may differ by
one order of magnitude (Fig. 4).

In quartz sand with 25% kaolinite particles at CO, pressure
of 1.6 MPa, the equilibrium liquid-phase content was about
0.4%. In the same conditions in sand samples with 25%
montmorillonite particles, it was up to 4.4%. The sharp
difference in nonclathrated water content may be explained
by the energetic characteristics of clay additives, mainly
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Figure 3. Change of nonclathrated water content depending on
CO, and CH, gas pressure in kaolinite clay at -7.5°C.
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Figure 4. Change of nonclathrated water content depending on
CO, pressure in modeled sediment samples at -7.5°C. 1- sand
with 25% montmorillonite particles; 2- sand with 25% kaolinite
particles.
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Figure 5. Influence of clay minerals on nonclathrated water
content in methane-saturated sand samples (pressure of 4.1 to
4.4 MPa, and temperature of -7.5°C).

by the specific active area that determines the quantity of
bound water. Considering the data about gas adsorption of
nitrogen, the specific active surface for kaolinite clay was
12 m?%/g, and the value of the outer specific active area for
montmorillonite clay was equal to 70 m*/g.
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The change in nonclathrated water content in sand samples
with an increasing kaolinite or montmorillonite particles
content at the fixed methane pressure of 4.1 to 4.4 MPa and
at the temperature of -7.5°C is shown in Figure 5.

The experimental data show that nonclathrated water
content in sediment samples linearly increases with
the increase in the amount of clay. The nonclathrated
water content increases more intensively in samples
with montmorillonite clay. According to the obtained
data, the nonclathrated water content can be estimated in
montmorillonite clay of about 14%.

Conclusions

On the basis of developed experimental methods, we
performed an experimental research investigation of
equilibrium (nonclathrated) water content in sediments at
three-phase equilibrium “pore water—gas—bulk hydrate.”
Nonclathrated water in gas hydrate containing sediments
is analogous to unfrozen water in frozen sediments. It
depends on temperature, pressure, type of the dispersed
sediment, and hydrate-forming gas. At fixed pressure, the
nonclathrated water, as well as of unfrozen water content
in sediments, decreases with the decrease of temperature.
However, quantitatively they differ significantly, and the
difference increases with the increase of temperature. As
a rule, unfrozen water content in sediments is higher than
nonclathrated water content. With the increase of clay
particles content in sediments, especially of montmorillonite
particles, nonclathrated and unfrozen water content in
sediments increases.

Pressure has a greater influence on nonclathrated water
content than on unfrozen water content. Unlike unfrozen
water, equilibrium water content in hydrate saturated
sediments decreases with the increase of pressure. Under the
influence of gas pressure, nonclathrated water “freezes out,”
turning into hydrate. Hydrate-forming gas has a significant
influence on nonclathrated water content. Unlike unfrozen
water, nonclathrated water content can exist not only under
negative temperature, but also at temperatures above 0°C.
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Construction in the Cryolithozone Using Innovative Systems of Foundation Soil
Thermal Stabilization
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Abstract

Innovative construction experience of FundamentStroyArkos Scientific and Production Association (FSA) is
presented. FSA’s innovation and investment cycle includes research, design, production, installation, construction,
quality control, quality assurance, and monitoring of foundation soil thermal stabilization systems. The economic
efficiency of innovative engineering solutions and considerable actual economic benefits from their implementation in

production are demonstrated in more than 300 projects.

Keywords: foundations; ground freezing; HNP and VNP systems; permafrost; thermal stabilization.

Permafrost, which is used as a foundation for construction
of buildings and structures, underlies more than 60% of the
Russian territory. Its extraordinary diversity and fragility
cause considerable difficulties during the construction and
operation of buildings and structures. Many structures are in
critical condition even in the construction stage, despite the
fact that permafrost itself is a reliable foundation (Fig. 1).
FSA’s construction and design experience in developing
prospective foundation soil thermal stabilization systems is
shown in Figure 2.

Problems arise with uncontrolled flow of heat and
moisture, warming of foundation soils, and, as a
consequence, transformation of permafrost into saturated
soil mass that has no bearing capacity for the support of
structural loads. Construction on permafrost requires large
capital expenditures. However, even if the project budget is

adequate, natural and human-induced factors, which cause
permafrost thermal degradation and subsequent loss of the
foundation soil bearing capacity, are often underestimated.
The situation is aggravated by global warming, which is
characterized by an increase in mean annual near surface air
temperatures of 0.2-2°C in the past decades and an increase in
permafrost temperature of as much as 1°C. Further increases
in air temperatures are predicted: 1.0-1.5°C by 2025, 2-4°C
by 2050, and 4-8°C by 2100. Principles I and II of using
permafrost as foundations are well-known. In addition, the
following solutions are most frequently used in the design
and construction: construction of crawl spaces or basements
(with artificial ventilation, natural convection, and the use
of suspension floors and crawl spaces in combination with
soil thermal stabilization systems), as well as construction
of on-grade floor foundations combined with the foundation

e

Figure 1. Examples of accidents and disasters.
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Areas of application of soil thermal stabilization systems during
construction on permafrost
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Figure 2. FSA’s construction and design experience in developing prospective foundation soil thermal stabilization systems.

soil thermal stabilization systems. The extensive experience
accumulated in the design and construction of buildings and
structures on permafrost, including the innovative solutions
by FSA, suggests that planning solutions using soil thermal
stabilization systems are the most reliable, stable, and
promising. Such foundations can support large buildings

and structures with frames over 100 m.

Foundation soil thermal stabilization systems produced
by FSA can be divided into three groups:

e HS, heat stabilizers: individual seasonal cooling devices
(vertical, inclined, slightly-inclined).

e  HNP, horizontal naturally operating pipe systems that
consist of horizontal cooling and connecting pipes
placed under insulation, a condenser unit, a circulation
accelerator, and a hydraulic seal.

e VNP, vertical naturally operating pipe systems that con-
sist of vertical cooling pipes, connecting pipes, a con-
denser unit, a circulation accelerator, and a hydraulic seal.

HS systems are used for thermal stabilization of pile
foundations in a ventilated crawl space, as well as along
the perimeter of a building. In addition, inclined HSs
modifications are capable of cooling the foundation
soils under large-frame buildings with on-grade floor
foundations. The HNP and VNP systems are the most
innovative engineering solutions. An HNP system enables
reliable thermal stabilization of buildings with floor-on-
grade foundations and crawl spaces or basements, with the
frame width exceeding 100 m.

The VNP system is the most universal engineering so-
lution. It allows soil thermal stabilization vertically (i.e.,
confined to the areas where pile foundations are located)
and horizontally, and freezing of the uppermost layers of
the ground, which serves as the base for shallow founda-
tions, such as floor-on-grade foundations. The HNP and
VNP systems provide considerable economic advantages
by significantly reducing the cost of materials used for the

foundations and bases in the course of construction. But the
main advantage of the HNP and VNP systems is that their
use can significantly increase the width of buildings and
structures (over 100 m). This, in turn, brings great economic
benefits by reducing the length of the utility corridors. One
of the ways to reduce the cost of construction and operation
of structures on permafrost consists of the construction of
buildings and structures with on-grade floors: the use of en-
larged and block buildings with horizontal naturally operat-
ing pipe (HNP) systems. This paper shows the buildings and
structures of the Samburgskoye Field gas processing facil-
ity where all the buildings and structures are built with the
use of on-grade floor foundations and HNP systems. This
allowed a 40% reduction in the cost of work and enabled
completion of construction in only one year. The HNP sys-
tems of foundation soil freezing were first used to support
facilities at the Sandybinskoye and Urengoy hydrocarbon
fields. The system represents a passive hermetically sealed heat-
transfer device that requires no power. It operates automatically
in winter due to gravitational force and positive difference in
temperatures between the ground and outside air.

The HNP system consists of two main elements:

e  cooling tubes: the evaporator section located in the building
foundation where it is used for the coolant circulation and
the ground freezing;

e condenser section located above the ground surface and
connected to the evaporator section. It is designed for
the condensation of the coolant vapor and transfer of the
coolant along the system by means of natural convection
and gravity. The system’s coolant is ammonia.

Experience accumulated during the first year of the
system’s operation shows that in some cases freezing of
the foundation soils has to be faster at the initial stage of
the construction and operation (i.e. at the time when it is
necessary to reach immediately the design bearing capacity
of the foundation base).
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Figure 3. The HNP system includes horizontal cooling and
connecting pipes placed under the insulation (underground
portion) and the condenser unit (aboveground portion).

— il

2007/08/24 12:20

Figure 4. Foundation soil thermal stabilization using the HNP
system at a production building (116.2 x 66 m) in the Vankor Oil
Field.

A Vertical Naturally Operating Pipe (VNP) system with
vertical tubing extending downward into the ground and ca-
pable of delivering cold to the depth of 12—15 m was devel-
oped in order to promote faster freezing of the foundation
soils at the initial stage of the construction and operation.
The mass introduction of the HNP and VNP systems coin-
cided with the construction of facilities at Yuzhno-Russkoye,
Samburgskoye, Verkhnechonskoye, Vankor, Bovanenkovo,
Nydinskoye, and Yuzhno-Khylchuyuskoye hydrocarbon
fields. Another engineering solution, the individual heat
stabilizers, is designed to freeze thawed soils and to chill
frozen medium- to high-plasticity soils under buildings
with or without ventilated basements, pipe racks, and other
structures in order to increase their bearing capacity and to
prevent frost heaving of piles. These devices include a tube
protected by a solid metal casing, which is filled with cool-
ant—either carbon dioxide or ammonia. The total length of
a heat stabilizer ranges from 10 to 23 m.

The height of the aboveground condenser section with
aluminum fins is up to 3 m, whereas the evaporator section
of a heat stabilizer is embedded into the ground. This engi-
neering solution proved to be crucial during the construction
of the 548-km Vankor-Purpe oil pipeline. The pipeline route

Figure 5. A VNP system includes vertical cooling pipes and
connecting pipes (underground portion) and a condenser unit
(aboveground portion).

Figure 6. Foundation soil thermal stabilization with the VNP system
at a production building in the Bovanenkovo Gas Condensate Field.

runs across several landscape zones underlain by various
types of perennially frozen soils. This includes ground ice
and ice-cored frost mounds that form hills covered with a
vegetative layer, organic turf, and shrubs. Design and con-
struction of the pipeline in such terrain conditions was a se-
rious challenge. Overall, 238 km of the pipeline, the north-
ern portion, was built aboveground, whereas, the remaining
310 km of the pipeline, the southern portion, had to be built
below ground. For the aboveground portion of the pipeline,
FSA designed supports with heat stabilizers placed inside
the piles. Overall, 38,000 units were installed in the northern
aboveground portion of the pipeline, and more than 28,000
units were installed in the underground southern portion.
Apart from the oil and gas industry facilities, FSA’s innova-
tive engineering solutions were also tested during the construc-
tion of a precious metal ore processing factory in Khakandzha
(Magadan Region) and at the dams in Yakutia: the Irelyakh
dam on the Liendokit River, and a tailings retention dam of the
Nyurba mining and processing complex. Several deep founda-
tion Seasonally Cooling Devices (SCDs) were designed spe-
cifically for these projects. For example, a collector SCD was
designed for the Liendokit River dam. It is connected through
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Table 1. Technical and economic indicators demonstrating the advantages of new engineering solutions.

Cost of the foundation construction
Name of venue o) de fl ith Sum of cost
Ventilated basement n-grade floors wit reduction
an HNP system
Samburgskoye Gas Field:
Production building 18x105 m, Fire station 30x42 m 105.3 80.1 252
Economic benefit is 24%
Khakandzhinskoye Gold-Silver Deposit:
Gold processing plant (main building is 110x48 m, 296.2 203.3 92.9
mill building 19x26 m, 7VST-1000)
Economic benefit is 31%
Kharasaveiskoye Gas Condensate Field:
Heated parking 54x72 m 132.8 937 35:3
Economic benefit is 27%

Figure 7. Individual heat stabilizers installed in conjunction
with piles.

Figure 9. Liendokit River dam. Nyurba mining and
processing complex of AIROSA Company.

Figure 8. Vankor-Purpe oil pipeline.

a collector to the air cooling unit, in which the air cooling of the
finned tubes is carried out by fans. Artificial air cooling of the
finned tubes causes a significant increase in the heat exchange
during very cold and calm periods which are typical of Yakutia.
The cooling tube temperature drops down and almost reaches
the ambient air temperature. Such a system is designed for in-
tensive initial ground freezing and further sustainable mainte-
nance of the artificially developed frost bulb in the ground.

The main technical and economic indicators that demon-
strate the benefits of the new engineering solutions are given
in Table 1.

Figure 10. Liendokit River dam with deep foundation and
a seasonally cooling device of a collector type.

All recently built facilities are continuously monitored
and inspected. This includes geocryological monitoring. The
ground temperature curves plotted as a result of the long-term
geocryological monitoring indicate a fairly good correlation of
the estimated, simulated, and actual values of the ground tem-
peratures of the foundation soils. They also indicate a stable
decrease in ground temperatures year after year with a well-
defined negative trend. Results of the study are used in the
design and construction of various structures on permafrost.
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Abstract

The characteristics of permafrost, especially the thermal state of the active layer, depend on latitude and elevation
and are generally controlled by climate and its contemporary changes in space and time. This paper is concerned
with the results of active layer monitoring at two sites in the southern tundra in the zone of continuous permafrost in
the Russian European North and in West Siberia. It is concerned with the inferred climate, landscape, lithology, and
geomorphology controls of seasonal thaw depths and ground temperatures.
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Introduction

The ground thermal regime is the principal target of
permafrost monitoring (Pavlov 2008). Mean annual
temperature and seasonal thaw depth are the basic parameters
that record the state of the active layer (Grechishchev 1981)
and the responses of permafrost to natural and technogenic
effects. Their spatial and temporal variations depend on
latitude and elevation and are subject to the influence of
numerous local agents. Climates in similar landscapes
generally become more severe in the eastern direction.

The temperature monitoring data are compared below
for two areas located within large oil and gas provinces of
the Russian European North (Bolvansky site in the Pechora
River mouth, near Varandey) and in West Siberia (Urengoy
site, near the gas production site in the northern Urengoy
field, UKPG-15). Both sites belong to the zone of continuous
permafrost within southern tundra (Fig. 1) and, being
distant from engineering structures, record the undisturbed
background permafrost settings. Monitoring at the two sites
has been run as part of two international projects: Thermal
State of Permafrost (TSP) and Circumpolar Active Layer
Monitoring (CALM).

Ground temperatures at the Bolvansky station have been

Barents Sea

Y e ‘
Figure 1. Location map of Bolvansky and
Urengoy permafrost monitoring sites.
Color grades show continuous (1), sporadic

(2), and patch (3) permafrost zones.
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logged for 28 years (1983-2011), and the monitoring of
seasonal thaw depths began in 1999 at a specially equipped
CALM site (Malkova 2010). At the Urengoy station,
temperature logging has been done since 1975, and the
CALM site has been in operation only since 2006 (Drozdov
et al. 2010). Comparison of data from the two sites, which
are geographically distant but have similar landscape,
geological, and permafrost settings, provides clues to the
current trends of the respective high-latitude territories.

Physiographic Background

Mean annual air temperatures in the Russian high latitudes
show cyclic variations, almost synchronous at different weath-
er stations. See Figure 2 for curves of mean annual, mean
summer, and mean winter air temperatures at the two weather
stations of Bolvansky (within the Bolvansky permafrost moni-
toring site) and Tazovsky (nearest to the Urengoy site).

The climate norm (mean annual air temperature T for
the period 1961-1990) at the Bolvansky weather station
is -4.7°C, and the mean over the past decade has risen to
-3.1°C. At the Tazovsky station, the reference temperature
for 1961-1990 is twice as low (-9.2°C) but the mean over
the 2000-2010 period has likewise increased markedly to
-7.7°C. The observed T, difference between the two sites is
fully due to winter means as the summer means are both
about +10°C. The sum of positive temperatures at the
weather stations (and, respectively, at the sites of permafrost

20 q 1
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% .30 /\ \/\/\/\ \/ W\ /3
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1960 1970 1980 1990 2000 2010
— Bolvansky — Tazovsky

Figure 2. Annual and seasonal air temperature variations at the
Bolvansky and Tazovsky weather stations. 1 — summer mean; 2 —

annual mean; 3 — winter mean.
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monitoring) is 30-35°C-month, which allows them to be
assigned to the southern tundra subzone.

Snow thickness, another important factor for the ground
thermal regime, is largely controlled by winds in the tundra.
It is thus thinnest (10-20 cm) on hilltops and windward
slopes and deepest (up to 1.5-2.0 m) in depressions and at
the foot of hills. The density of snow varies during the cold
season from 0.19 to 0.39 g/cm?, being 0.25-0.28 g/cm® on
average in different years.

With these thicknesses and densities, snow causes an
insulating effect on the annual temperature fluctuations
(distribution and variation in amplitude).

Site Description

The Bolvansky site is located on the southern side of the
Pechora Gulf in the southern tundra subzone (Bolshaya
Zemlyatundra in the European part of Russia) in a cumulative
glacial-marine coastal plain with elevations of 20 to 50 m.
This is an area of hilly topography dissected by ravines and
depressions of limnic and drained lake basins. Permafrost
there is continuous, with unfrozen lenses (taliks) beneath
depressions. Ice contents are high (totaling up to 56% loam).

Southern Tundra, Bolvansky Southern Tundra, Urengoysky

100 ——

%

0.001 0.005 0.01 005 0.25 1
D, mm

0.001 0.005 0.01 0.05 025 1

D, mm

sampling depth, cm Sampling depth, cm

~—4—10..16 —=—70..80 ~%-145..155

~—4-9.12 -#-18.23 4 30.40 —+—50..60 —=-70.75

Figure 3. Grain sizes of surface sediments at the Bolvansky and
Urengoy sites.
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Figure 4. Landscape zoning at the Bovansky CALM site.
Complemented by N.G. Ukraintseva after Yu.N. Bochkarev.

The surface sediments consist of Upper Quaternary marine
loamy sand and loam with inclusions of pebble underlain
at depths 10 to 15 m by Middle Quaternary glacial-marine
bouldery loam. Surface peat layers, from 1 to 5-7 m thick,
occur in the head parts of valleys, in hill saddles, and in the
bottoms of dry lake basins; the same is true of the locations
of thick ice lenses.

The Urengoy (UKPG-15) site is located in the southern
Taz Peninsula, on the left bank of the Khadutte River. It
belongs to coastal plain III (III cumulative marine terrace)
rising 30 to 40 m above the sea level, where low hills are
separated by branching ravines. Unlike the Bolvansky site,
there are few lakes. The surface sediments are silty loam
with sand layers and lenses overlain with peat, up to 1 or 2 m
thick. The permafrost there is ice-rich (total water is 60% in
loam and 21-28% in sand) and continuous from the surface,
almost without taliks.

The grain size distributions of surface sediments are very
similar at both sites (Fig. 3), which is evidence of their
genetic correlation. Large percentages of silt size grains
result from intense frost weathering of the active layer.

Local ecosystems associated with different landscapes
within the two CALM sites have been classified (at the
level of landscape facies) and mapped to scale 1:5000
(Figs. 4 and 5). Maps of this kind, based on the landscape-
indication approach, can be used as a basis for estimating
local variations in lithology, water content, and active layer
thickness. Local map modeling could also be done.

The two sites are similar also in landscape zoning patterns,
with mostly hummocky tundra (sometimes with scarce
patches) on drained low hilltops and shrubby tundra with
dwarf birch (yernik) and willows on slopes. There are old
tractor ruts at both sites and fresh fire traces at UKPG-15.

Monitoring of Seasonal Thaw Depth

Seasonally variable thaw depth of permafrost is the local
parameter studied at uniform 100 x 100 m CALM sites with

(0: 100) (100; 100}
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Figure 5. Landscape zoning at the Urengoy CALM site (UKPG-
15). Compiled by N.G. Ukraintseva.

Legend to Figures 4 and 5: Tundra subzones (1-6): flat lichen (1), hummocky shrub-grass-moss-lichen

(2), hummocky shrub-lichen (3), hummocky-tussock ledum-lichen (4), patchy willow-moss-lichen (5),

1 4 7 10
2 5 8 "
3 6 9 12

e EEe - ]

15 — grid nodes.

patchy shrub-grass-moss-lichen (6); 7 — willow hill slopes; 8 — willow-yernik hill slopes; 9 — willow-
yernik swampy ravines; 10 — ledum-moss-lichen swampy micro-ravines; 11 — grass-moss bogs;
12 — hummocks with willow and yernik; 13 — old ruts of off-road vehicles; 14 — burned-out places;
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Figure 7. Thaw depth at Bolvansky site (average at each picket for
1999 through 2010).

data points at every 10 m (121 pickets). Thaw depths are
measured at each picket with a metal probe, yearly at the end
of the warm season or several times in a summer in some
years. Besides the thaw depth measurements, there are other
works, such as surface leveling and sampling of sediments,
soils, and vegetation. The space and time variations of
the measured parameters are estimated with the kriging
technique using the Surfer software, as the CALM project
implies.

In our view, however, the way of continual imaging
(as isolines) employed in the CALM project is not quite
reasonable. The changes of peat thickness, as well as thaw
depth, more often have discrete patterns according to
surface details, moisture, and vegetation mosaics in local
geosystems. Therefore, it appears more appropriate to use
rather a map of landscape facies as a contour line basis.

The CALM site at the Bolvansky monitoring station is
located on the top of a low hill composed of loam, in a
typical landscape. The peat thickness within the site varies
from 1 to 22 cm, being 5 cm on average (Fig. 6).

The lithology of the active (seasonally thawing) layer
and vegetation patterns are the most important controls of
thaw depths. They are the shallowest depths (under 60 cm)
within minor swampy ravines where peat is the thickest
and vegetation consists of shrubs, mosses, and lichen
(subzone 10). Thaw depths from 60 to 100 cm are common
to hummocky shrub-grass moss-lichen, and ledum-lichen
subzones (Nos. 2 and 4). The maximum depths of 100 to
140 cm correspond to hummocky shrub-lichen (No. 3) and
patchy (Nos. 5 and 6) subzones (Figs. 4 and 7). Thaw depth
variations for the observation period (1999-2010) have been
under 15%.

A buried talik was discovered at the edge of a lake within
the shrubby southeastern part of the site. The acoustically

years
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Figure 8. Average thaw depth variations at the Bolvansky site.

defined permafrost table lies there at depths 3.5 to 4 m. The
lake depression accumulates thick snow, which prevents soil
from winter freezing. This is an obvious medium-scale relief
effect (besides the vegetation and micro-relief effects) on
both thaw depth and permafrost table position.

Yearly variations in average thaw depths for 1999 through
2010 were as shown in Figure 8. The lowest values (90 cm)
were measured in 1999 followed by a progressive increase
to 120-130 cm until 2011, at a rate 1.5 cm/yr. However,
the increasing thaw depth trend becomes almost cancelled
out by data for the 1980s—1990s, when the summer air
temperature was also rising (Fig. 2). So the growth rate over
the total period was only 0.07 cm/yr. Note that yearly thaw
depth variations are virtually independent of winter climate
parameters but correlate closely with the summer ones
(Malkova 2005), especially with thawing index (or DDT,
degree-days of thawing) (Melnikov & Grechishchev 2002,
Pavlov 2008).

The CALM site UKPG-15 within the Urengoy monitoring
station is located on a hilltop gently dipping northward, in a
grass-shrub-moss-lichen tundra landscape type with scarce
patches. The peat thickness is from 4 to 10 cm (7 cm on
average) and is generally inversely proportional to the thaw
depth (Figs. 9 and 10).

The spatial variations of thaw depths and their correlation
with landscape zoning at the Urengoy site have been
portrayed in a series of discrete map models (Ukraintseva
etal. 2011).

The thaw depths at the UKPG-15 site are the largest
(75-96 cm) within dominant landscape facies (Nos. 2-5)
of grass-shrub-moss-lichen and lichen tundras (Figs. 5 and
11) and decrease to 60—78 cm in depressions and swampy
shrubby ravines that accumulate much moisture (zones
7-12). Anthropogenic effects (healed old tractor ruts)
increase thaw depths by a factor of 1.5 to 2, especially in
places of localized surface run-off.

The two CALM sites of Bolvansky and Urengoy are
very similar in general outlook, lithology, and active
layer thickness (thaw depths). The similarity of summer
temperature means between the two sites, according to data
of nearby weather stations (Fig. 2), demonstrates again that
the warm season climate parameters are the principal control
of local permafrost patterns.

Thaw depth measurements alone can neither provide
unambiguous evidence of permafrost stability under
the contemporary climate change at specific sites nor
show whether permafrost is beginning to degrade. More
information in this respect comes from ground temperatures.
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Figure 10. Thaw depths at the UKPG-15 site (average at every
picket for 2006 through 2010).

Figure 11. Thaw depths averaged over landscape subzones at
the Urengoy (UKPG-15) CALM site. Narrow vertical bands
of thawing anomalies correspond to linear man-caused effects
(old ruts). Legend same as in Figures 4 and 5.

Ground Temperature Patterns

The monitoring of permafrost temperatures at the
Bolvansky station in the Russian European North began
in 1983. The space and time temperature patterns show
prominent correlation with landscape zoning. The highest
growth rates of mean annual ground temperatures (Tg) were
observed in drained tundra areas of the coldest ground at
the site (T, -2.0..-2.3°C). Warming in those landscape
conditions reached 0.5 to 0.8°C by 2011, at a mean long-
term T, trend of 0.03°C/yr (borehole 59, Fig. 12). The total
ground warming within polygonal peatbogs (Tg -1.6°C)
was slightly less: 0.6°C, at a rate of 0.02°C/yr (borehole
55, Fig. 12). Eroded lake edges and outliers composed of
high-temperature permafrost (T,-1.0...-1.2°C) are the least
sensitive to climate change showing a T increase as low as
0.2-0.5°C at arate of 0.01°C/yr (borehole 51, Fig. 12).

The air temperature (T ) trend for the observation period
has been 0.07°C/yr (Fig. 13) (i.e., 2 to 7 times as high as that
of ground temperatures).

The temperature of the active layer is especially sensitive
to climate change. Active layer temperatures were logged
in borehole 59a at the center of the CALM site, in typical
landscape conditions. The annual means from 1983 through
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Figure 12. Time-dependent variations of mean annual ground
temperature in different landscape subzones at the Bolvansky site.

Borehole 59: typical tundra; borehole 55: degrading polygonal
peatbog; borehole 51: drained tundra at lake edge.
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Figure 13. Mean annual temperatures of active (seasonally
thawing) layer and air at the CALM site of Bolvansky permafrost
monitoring station for 28 years.

2010 were in the range -3.5 to -0.4°C. The active layer
temperature trends generally follow the air temperature
patterns (T ), though they have smaller amplitudes (Fig. 13).

The annual temperature means of the active layer have
been -2 to -3°C in different years, which corresponds
to a long-term steady trend, but some growth tendency
has appeared since 2001. Before 2007, the active layer
temperatures remained within -1...-2°C (semi-transitional
thawing type). Then the atypically warm and snowy winter
of 2007-2008 caused notable warming (-0.4°C) when
the temperatures risked approaching 0°C (transitional
thawing type) and prerequisites arose for detachment of the
permafrost surface. However, the air temperature in 2009
was within the climate norm (-3.6°C), and the mean annual
active layer temperature in 2010 again decreased markedly
to become -1.7°C. The cold winter of 2010-2011 and the
cool summer of 2011 have brought more stability to the
active layer temperatures at the site.

The ground temperatures at the Urengoy (UKPG-15)
station in northern West Siberia have been monitored since
1974 with two gaps (Fig. 14).

The temperature patterns in this drained and swampy
watershed tundra are similar to those in tussock peatbogs
of terrace I of the Khadutte River: T, was -5.5...-6°C in
1974 but grew to -4.2...-4.7°C in 2010-2011 (i.e., warming
reached ~1.5°C). The T, warming rate has been ~0.04°C/yr
at the respective air temperature trend ~0.06°C/yr (Vasiliev
et al. 2008). The anomalous peak of air temperatures in
2007-2009 made still faster T, warming rates (Drozdov
et al. 2010). The only exception has been a rare landscape
type of a south-looking steep slope of coastal terrace III
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Figure 14. Typical patterns of mean annual ground temperatures
in the tundra zone and in azonal willow-covered slopes
(borehole15-06) at the Urengoy site (UKPG-15).

grown with thick and tall moss-grass willow shrubs, where
permafrost temperatures were originally higher than in the
surroundings (T, -1.7°C in 1974) and the general warming
was notably lower (less than 1°C) due to the buffer role of
the shrubs.

Note that permafrost began to stop warming, following the
respective tendency in air temperatures, much earlier than in
the European North of Russia, already since the 1990s. Then
the conditions became favorable for more southern plant
species to migrate northward (e.g., young larches appeared
in the southern tundra), but these conditions disappeared
after several harsh winters in the early 2000s (Drozdov et
al. 2010).

Conclusions

The Bolvansky and Urengoy permafrost monitoring sites
exist in similar geological, geomorphic, and landscape
conditions. As for the climate factors that influence the
temperatures and thaw depths of the active layer, the
similarity is in summer air temperature means and snow
accumulation.

The mean annual air temperature in northern West Siberia
is 5°C lower than in the European North on account of
harsher winters.

The thaw depths, being dependent primarily on air
temperature summer means, are similar at both sites. The
monitoring results show increasing thaw depths in drained
areas of southern tundra for the past 10-12 years, but this
tendency is cancelled out if the trends of the 1980s are taken
into account.

Low annual and winter air temperature means in West
Siberia cause severe permafrost conditions in tundra
landscapes (-4...-5°C), while in the European North they
are within the range -1 to -2°C.

The climate warming rate in the two areas for the past three
decades has been 0.06 to 0.07°C/yr. In the late 1990s there
was a warm peak in West Siberia marked by appearance and
then disappearance of trees in the southern tundra.

The general response of permafrost to climate warming
consists of ground warming rates being the fastest in colder
landscape zones and the slowest in the warmer ones.

The ground temperature trends in natural conditions are
lower than the air trends by factors of 2 to 7 in the European
North and only 1.5 to 2.5 in West Siberia.
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Specific Features of Cryogenic Soil Formation in Western Yakutia

A.G. Dyagileva
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Abstract

One of the peculiarities of the process of soil formation in permafrost regions that distinguishes it from, among other
things, geochemical weathering is the migration of microelements in permafrost soils. Three main types of cryogenic
soils are described and sampled for distribution of microelements. In the extreme continental climate of Yakutia, soil
formation is influenced by vegetative cover. The most important factor is the presence of the underlying permafrost
horizon, which serves as an aquiclude and forms a suprapermafrost geochemical barrier.

Keywords: cryogenic soils; dry permafrost; ice-rich permafrost; microelements; thixotropic.

Background

Yakutia is located in the northeastern part of Siberia. It
lies within four geographic zones: taiga forest (nearly 80%
of the area), forest-tundra, tundra, and arctic desert.

The climate of Yakutia is severe and sharply continental.
This is confirmed by the amplitude of average air
temperature between the coldest and warmest months; the
amplitude of 64.6°C does not occur anywhere else in the
world. The annual amplitude of maximum and minimum
air temperatures exceeds 101°C. The absolute value of the
minimum temperature in the eastern mountain systems
of troughs, basins, and other depressions is up to -70°C.
The total duration of negative temperatures lasts from 6.5
to 9 months per year. With these climate parameters, the
Republic has no analogues in the Northern Hemisphere.

Virtually all of the vast territory of Yakutia is affected
by perennially frozen ground. Continuous permafrost is
developed on most of the region, where it is interrupted
only by local open taliks existing beneath the channels of
large rivers and beneath large lakes. The average thickness
of permafrost reaches 300 to 400 m, whereas in the Vilyuy
River basin it reaches 1500 m; this is the greatest thickness
of permafrost on Earth.

The vertical section of permafrost zone is very diverse
within Yakutia. In its western areas, for instance, the
permafrost zone is composed of two strata. The upper one
is composed of ice-rich frozen ground. The lower one is
composed of cryotic deposits with temperatures below
0°C containing mineralized ground waters with negative
temperatures (cryopegs). The thickness of the upper stratum
is 300-350 m, and the thickness of the lower stratum is
much larger, reaching 600900 m or more. In Western
Yakutia, a third (middle) stratum is indicated. In places it is
represented by frozen ground with no visible inclusions of
ice or cryopegs. A subaqueous permafrost zone developed in
the offshore coastal area of the arctic seas also generally has
the two-strata structure.

The formation of thick permafrost in Northern Yakutia
began about 2 million years ago. Then permafrost gradually
spread throughout the territory of the Republic. Its formation
was accompanied by intensive development of cryogenic
processes such as frost cracking, formation of ice-wedge ice,
polygonal relief with non-sorted circles, and the appearance
of seasonal and perennial frost mounds (Integrated Atlas
2009).
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Cryogenic Soils

Cryogenic soils are a group of soils of the tundra and
northern taiga zones with pronounced cryoturbations in the
soil profile that lead to deformation of genetic horizons.
These soils are closely underlain by ice-rich permafrost
with active manifestation of cryogenic mass transfer which
determines the homogeneity of the soil profile and the
presence of solid and dissolved organic matter throughout
the mineral part of the profile. Many soils in this group are
characterized by thixotropy, deformation, suprapermafrost
gleization, and unsaturated surface horizons. The following
types of soils are identified in this group: cryogenic gley
soils, cryogenic homogeneous (non-gleyed), and cryogenic
thixotropic (Desyatkin et al. 2009).

Cryogenic gley soils (hereafter soil types are named
according to the soil classification by Elovskaya [1987]) are
usually confined to lowlands. Here they are formed under the
conditions of impeded drainage in deposits of silty clay and
clay (more often represented by ancient alluvium) and in the
continuous presence of an ice-rich horizon in the soil profile
near the surface. Their surface consists of a moist litter layer
of needles, leaves, lichens, and mosses. This is underlain by
unconsolidated, dark-brown organic soil represented by peat
or peaty-humus, followed by a gleyed mineral horizon with
a notably greater degree of gleying in the suprapermafrost
level. These soils are acidic or slightly acidic, less often
they are alkaline when on carbonate parent materials.
Organogenic horizons are not base-saturated and have high
hydrolytic acidity. In mineral horizons, this activity is low.
The content of organic matter in organic soils is significant.
Organic matter is represented by coarse humus (mainly of
moldy or humus-moldy nature). Very mobile fulvic humus
penetrates the soil particles and sometimes accumulates in
the suprapermafrost horizon. This is the most common type
of soil in North and Northwestern Yakutia.

Table 1 is the description of the morphological structure
of the profile of a typical cryogenic gley soil. The section is
from the sparse larch forest of the Kolyma River basin.

Cryogenic homogeneous soils (non-gleyed), a soil type of
hydromorphic non-gleyed formation, are usually confined to
watersheds and their slopes. They are developed under sparse
and moss-lichen larch forests and are formed on weathered
bedrocks of various composition. Moss cover in the form of
cushions of sphagnum peat or cryogenic hillocky microrelief'is
often well developed on the surface of cryogenic homogeneous
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Table 1. Morphological structure of the profile of a typical cryo-
genic gley soil.

Table 3. morphological structure of a typical profile of cryogenic
thixotropic soil.

0/02 0-10cm Light brown mosses becoming a slightly
decayed, moist forest litter penetrated by
plant roots. The transition is noticeable

with smooth boundary.

A/T 10-18 cm Brownish-dark-gray, organogenic,
medium and  strongly  decayed
vegetative debris, densely intertwined
with plant roots (up to 1.5 cm), moist.
Sharp transition in color and roots,

slightly curved boundary.

Bg 18-34 cm Dark-gray silty clay with a bluish
tinge, structureless, consolidated, moist
with flowage in the bottom part. Small
patches of organic matter (diameter up

to 3 mm). Overlies ice-rich permafrost.

Table 2. morphological structure of a profile of typical cryogenic
homogeneous soils.

(@) 0-4 cm The litter of leaves and needles.
Transition is clear, the boundary is

pocket-like.

AO 4-7(14)cm  Dark  brown, crumbly, moist,
organogenic. Soil is silt with some
clay, fine clods. Transition is clear, the
boundary is curvy.

Ber 7 (14)-— Brownish-gray with abundant rusty
35cm spots. Rare inclusions of pebbles of
1-3 cm in size; moist, silty clay, the
top is powder-like, the bottom is
platy, penetrated by roots. Does not
react to HCI. Overlies permafrost
with low ice content.

soils. A litter of considerable thickness (10—12 cm) of brown or
dark-brown undecomposed peaty remains overlies the top part
of the profile and is underlain by a dark organogenic horizon
with an admixture of mineral fine-grained soil. Below is the
mineral horizon of uniform brownish-gray color with clearly
visible manifestations of cryogenic processes that overlie
the permafrost. The mineral material, overlying the ice-rich
permafrost, is structureless, mixed with granulated plant
remains of varying degrees of decomposition, and saturated by
brownish humic substance. The maximum depth of thawing is
50-65 cm. The entire soil profile is characterized by a relatively
high content of humus. The humus composition is of a fulvic
nature. The soils have a high absorption capacity. Depending
on the underlying parent material, acidic unsaturated soils
developed on acid materials occur, as well as saturated neutral
or slightly alkaline soils developed on basic and carbonate
materials. Based on particle size distribution, the soils are
often silty clays; less often they are silts.

Table 2 is the description of the morphological structure
of a profile of typical cryogenic homogeneous soils. The
section is located in a larch forest of the Tyung River basin.

Cryogenic thixotropic soils usually occupy flat
watersheds, gentle sloping hills, and terraced surfaces.
They are developed on the weathered bedrocks, slope and

O 0-6 cm Live, moist moss cover. The lower
part consists of weakly decomposed
plant remains. Transition is clear, the
boundary is smooth.

AO 6-15 cm Dark-brown, organogenic, moist,

loose, densely penetrated by roots.
The transition is clear, the boundary is
smooth.

Ber 15-22 cm Light gray with bluish tinge, moist,
water seeps in from the pit walls.
Thixotropic, structureless, sandy. The
soil pit was immediately filled by a
sand slump from the walls. Underlain

by ice-rich permafrost.

0-10(15)

1001545050

450500- ]

0-10(15)

1015345050

45(50)- 4

——pH

Figure 1. The acid-alkaline conditions (pH) of the
active layer. Top: “ice-rich” permafrost; lower:
“dry” permafrost.

glacial deposits of clayey texture under moss-lichen larch
forests with a well-developed understory of dwarf birch,
willow, ledum, swamp blueberry, and cowberry. Soils are
characterized by pronounced cryogenic forms of microrelief
such as pitted hillocks and polygonal fractures. Their
profile is similar to cryogenic homogeneous soils. They are
characterized by greater humidity and thixotropy. Cryogenic
thixotropic soils are also characterized by acidic reaction
as well as by very high hydrolytic acidity in the upper,
coarse humus horizon due to the high content of slightly
decomposed organic matter. Organic matter content and
hydrolytic acidity are sharply reduced in the mineral part of
the profile. Similarly, the distribution of nutrients decreases
sharply along the profile. Their quantity in horizon A is very
high, whereas it is very low in horizon Bcr. These are poor
soils for agriculture, except for reindeer pastures.

Table 3 is the description of the morphological structure
of a typical profile of cryogenic thixotropic soil. The section
is located in the larch forest of the middle Tyung River.
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Figure 2. The content of mobile forms of microelements in cryogenic soils in the active
layer; upper plots: “ice-rich” permafrost; lower plots: “dry” permafrost.

Objectives and Methods

The study of cryogenic soils was conducted in the Nakyn
industrial area in Western Yakutia.

In the course of field observations, 13 soil profiles within
the natural landscapes of the watershed of the Hannya-
Nakyn interfluve were examined. Of these, eight sections
are characterized by ice-rich permafrost and five are
characterized by dry permafrost. All soil sections were made
with a sampling of 2x2 km, with morphological description
and sampling from all genetic horizons.

All samples were air dried at room temperature, sieved
through a sieve with a 1-mm mesh, and transferred to paper
bags.

The following physical-chemical parameters were
examined: the acid-alkaline conditions (pH) and the contents
of mobile forms of microelements (Cr, Ni, Co, Mn, Pb, Cd,
Cu, and As).

The acid-alkaline conditions (pH) are determined by the
potentiometric method. Distilled water is poured on a 20-
gm soil sample in the ratio of 1:2.5, and water and soil are

thoroughly mixed. The pH values are measured using pH-
meter ANION 4100.

The measurement of the content of mobile forms of
microelements is performed using atomic absorption
spectrometry and a multi-channel gas analyzer MGA-915. A
0.1-gr soil sample is covered with 10 ml 1IN HCl and is stirred
on the rotator mixer for one hour. Suspensions are filtered
through blue ribbon filter paper. The filtrate is analyzed by
the MGA 915 with an automatic sample changer.

In order to trace the behavior of microelements in the
cryogenic soils, an average soil profile model of microele-
ments for “ice-rich” and “dry” permafrost was constructed.
The following average depths of the soil profile models were
adopted: 0-10(15); 10(15)-45(50); and 45(50)—permafrost,
according to which the corresponding diagrams were drawn.

Results and Discussion

The pH values in cryogenic soils with “ice-rich” and “dry”
permafrost in the soil profile regularly increase with depth
from slightly acidic to neutral (5.3-6.9) (Fig. 1).
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Different trends of migration and distribution of
microelements throughout the soil profile are observed at
equal pH values.

The accumulation of the majority of microelements
is observed in the suprapermafrost horizon where “dry”
permafrost is present (Fig. 2). The reason for this is that the
soil material is dry and represented mostly by silt with some
clay (i.e., it has a low sorption capacity).

The accumulation of microelements in the mineral
horizon of the soil profile is detected in soils with “ice-rich”
permafrost. This profile is characterized by high moisture
content (i.e., high sorption capacity) and heavier fractions
of soil particles (silty clay, clay). These properties create
anaerobic conditions that lead to gleying processes associated
with high iron content. Therefore, Mn and Cu are present in
this horizon, as these elements belong to the iron group.

Thus the properties of soil material determine the
permafrost conditions.

Conclusions

In the course of this study, 13 soil profiles within the
natural landscape of the Hannya-Nakyn interfluve were
examined. Among those studied, eight are characterized by
“ice-rich” permafrost and five are characterized by “dry”
permafrost.

Analytical studies determining acid-alkaline conditions
(pH) and the content of mobile forms of microelements (Cr,
Ni, Co, Mn, Pb, Cd, Cu, and As) were carried out.

The pH values in cryogenic soils with “ice-rich” and “dry”
permafrost in soil profile regularly increase from slightly
acidic to neutral (5.3 to 6.9).

The accumulation of the majority of microelements is
observed in the suprapermafrost horizon, where “dry”
permafrost is present.

The accumulation of microelements in the mineral
horizon of the soil profile is observed in soils with “ice-rich”
permafrost.

Thus the properties of soil material determine the
permafrost conditions.
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Abstract

The main purpose of the work is to define the role of permafrost thawing in the water balance supply of young ther-
mokarst lakes in Central Yakutia in conditions of modern climate change. The materials obtained at the Yukechi moni-
toring site of the SB RAS Melnikov Permafrost Institute near Yakutsk from 1992 to 2008 and the data of the Yakutsk
weather station were used in this study. The calculations showed that under conditions of mass thermokarst activation
in Central Yakutia, up to one-third of the water balance supply is provided by the melting of ground ice.

Keywords: Central Yakutia; climate change; ground ice; landscape; thermokarst; water balance.

Introduction

Starting in 1992, the Melnikov Permafrost Institute of
the Siberian Branch of the Russia Academy of Sciences
(SB RAS) monitored the dynamics of young thermokarst
depressions at the Yukechi site located 50 km southeast
of Yakutsk on the right bank of the Lena River. Initially,
the main attention was directed to the study of the sur-
face subsidence rates and the evolution of thermokarst
landscapes (Fedorov et al. 1998, Fedorov & Konstanti-
nov 2003, 2008).

The investigated thermokarst depressions are repre-
sented by young formations, and their occurrence is as-
sociated with anthropogenic activity. People have been
living on and farming the land for a long time. Animal
husbandry has been the main type of farming, but grub-
bing and land plowing were conducted as well. Mainly
grain crops were planted in this area. Plowed sites were
created in the 1930s with the beginning of total collectiv-
ization of small peasant farms. These were abandoned in
the early 1960s due to the enlargement of small collec-
tive farms (Bosikov 1989).

Thermokarst subsidence was not yet defined in aer-
ial photographs taken in 1944, but some inhomogene-
ity of the plowed land can already be observed in the
1952 aerial photographs. It can be assumed that thermo-
karst formation in plowed lands started at the end of the
1940s and the beginning of the 1950s, when the peak
of ground temperature increase was observed in Central
Yakutia. By the beginning of our monitoring in 1992, the
relative depth of thermokarst depressions was about 2 m.
The water depth in the deepest channels between high-
centered polygons reached 0.8 m. In most locations the
depth was 0.4-0.6 m.

The studied site is an alas landscape typical of Central
Yakutia. The deposits are represented by an ice complex
with ice wedges. Clayey silt and silt, sometimes with addi-
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tion of dust particles and fine-grained sand inter-layers pre-
vail in the composition of the upper Quaternary horizons.
Ice wedges are developed within inter-alas areas through-
out the territory. Ice wedges occur at a depth of 2-2.5 m.
The width of the upper part of ice wedges varies from 1-1.5
to 2.5-3 m. The cross dimension of ground between ice
wedges usually does not exceed 4—6 m in plan. According to
Lachenbruch’s classification (Lachenbruch 1962), the non-
orthogonal patterned system prevails with intersections of
thermal contraction cracks at 120°. The thickness of the Ice
Complex is 20-25 m. The ground temperature at 10-15 m
depth in the primary larch forest is -3°C, and at the grass-
graminoid meadow it is -2°C. The seasonal thawing depth
in these landscapes is 1.3 and 2 m, respectively.

The climate is extremely continental. The annual mean
temperature in Yakutsk (the nearest weather station) is
-10.2°C; the January mean temperature is -42.6°, and the
July mean temperature -18.7°C. The amount of precipita-
tion is 234 mm per annum (Scientific-applied reference
aid... 1989). However, the annual mean air temperature
increased by 3°C in the recent decades between 1966 and
2009 (Skachkov 2010).

Thermokarst activation is observed in Central Yakutia
starting from the beginning of the 1990s. Melting-out of
the upper ice wedge heads causes subsidence of the surface;
thermokarst depressions become deeper and wider; ther-
mokarst lakes are initiated (Fedorov & Konstantinov 2003,
2008). This process agrees quite well with ground tempera-
ture variability in Central Yakutia. Also, climatic conditions
changed significantly during the recent two decades (Table
1). This could also serve as the reason for activation of the
cryogenic processes.

Our monitoring of the Yukechi site between 1992 and
2010 shows that thermokarst development rates are quite
intensive. For example, the average surface subsidence rates
in the major observed thermokarst depressions were 5—10
cm per annum (Fig. 1). The maximum subsidence was about
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Table 1. Deviations of the main climatic temperature characteristics
from the mean value for 1961-2010 at the Yakutsk weather station.

Years Annual mean Freezing Thawing

air temperature | index index

deviation, °C deviation, | deviation, de-

degree/day | gree/day

1961-1970 -1.1 303 -106
1971-1980 07 253 40
1981-1990 0 21 -19
19912000 05 245 37
20012010 14 330 126

2 m in the absolute value; the water depth increased from
0.4-0.6 to 2-2.5 m. The area of deep, young thermokarst
lakes became larger by 2.5 times (Fedorov & Konstanti-
nov 2008). These changes began to influence the landscape
structure (Fig. 2). We noted almost the same widening of
minor thermokarst lakes in the area of Churapcha Village
in Central Yakutia. Kravtsova & Bystrova (2010) noted the
same changes in the Vilyuy River basin by means of satel-
lite images.

The role of climatic-hydrological and water-balance pro-
cesses in thermokarst formation is studied insufficiently in
the permafrost zone and in particular for the areas of ice-
complex development. This indicates the extreme impor-
tance of the study and evaluation of the water balance of
growing thermokarst lakes under conditions of current cli-
mate changes. It also indicates the importance of the devel-
opment of effective measures for control, rational use, and
protection of water and land resources on this basis.

Data Sources and Methodology

The work was completed on the basis of data
generalization from the comprehensive monitoring of
cryogenic landscapes for the Yukechi site in Central
Yakutia (1992-2008), and from relative estimates.
The methods adopted in geocryology, hydrology,
hydrogeology, and hydro-melioration were used for the
calculations (Chistyakov 1964, Kudryavtsev et al. 1974,
Pavlov 1975, Gavriliev & Mandarov 1976, Buslaev
1981, Gavriliev 1991, and others).

We used the following equation for the water balance of
the young thermokarst lake to evaluate cryogenic landscape
development and transformation trends. The equation takes
into account climatic, geocryological, hydrogeological, hy-
drological, landscape, and other conditions and factors:

W,=(P +W+S+W +O-(E,+E,) (1)

where W is water balance of the growing thermokarst
lake; P, is amount of precipitation; W, is water from
ice complex melting; S_ is surface runoff; W, is supra-
permafrost runoff; C is condensation; E_ is evaporation
from the water surface; E_ is moisture evaporation from
the snow surface.

The main water supply sources include atmospheric,
surface and supra-permafrost runoffs, and permafrost
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Figure 1. Surface subsidence (vertical axis in cm) dynamics at
the Yukechi site, Site 2.

supply. Atmospheric supply was evaluated on the basis
of the precipitation amount at the nearest Yakutsk weath-
er station. Surface water runoff was based on methods of
Chistyakov (1964) and Buslaev (1981). The runoff coef-
ficient for Central Yakutia on average is 10-20% of the
total precipitation volume. The supra-permafrost runoff
is represented by an active layer water inflow from the
area of the catchment basin. Permafrost is supplied with
water through the melting of ice wedges and ground tex-
ture ice. The average volumetric ice content of these depos-
its is 0.5 and 0.2 for the specified ice varieties, respectively
(Konstantinov 2000). The values given predetermine the
major proportion of permafrost supply for the input part of
the water balance of thermokarst water bodies.

According to Shepelev (2011), the value of condensa-
tion supply of suprapermafrost water in the pine forest
on eolian sands in Central Yakutiais 8—10 mm during the
warm period of the year. This is approximately 5-6% of
the summer precipitation in the Yakutsk area.

In 2008 the catchment basin area of the thermokarst lake
under study was 6775 m?, and the lake water surface area
was 3135 m?(i.e., the catchment basin area was almost twice
as large as compared to the lake’s area).

Evaporation from the water surface and evaporation from
the snow surface are the main loss components of water bal-
ance. The evaporation power values E_ are defined through
calculation methods and experimental methods with the use
of the GGI-3000 evaporator. At the Melnikov Permafrost In-
stitute stations, evaporation from the water surface is 202—
403 mm for May—September in different years, whereas ac-
cording to the Yakutsk weather station data it was 398436
mm. According to calculations by the Gavriliev (1976) heat
balance method, evaporation from the water surface in Ya-
kutsk was 439 mm. Evaporation from the snow surface was
studied in detail by Are (1976). On open sites it can vary
from 7.5 to 26% (16% on average) from all snow cover.

Monitoring of bottom dynamics of the thermokarst
depression (future lake) and the bank line (shoreline) in
the lake was conducted by means of leveling of the en-
tire thermokarst subsidence area with a 2 x 2 m grid and
using as control a system of six benchmarks buried in
permafrost to 3—4 m. Four benchmarks are represented
by metal borehole conductor strings while two bench-
marks are wooden. The measurements were completed
in September 1992—-1993 and 2008 during the maximum
ground thawing period. Benchmark elevations remained
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Figure 2. Landscape changes at the Yukechi, Site 2.

unchanged during almost 20 years. Monitoring of con-
trol points was conducted annually at the end of Sep-
tember in order to follow the subsidence of the bottom
surface and lake level. The water surface level and area
were surveyed regularly as well. In 1993, the thickness
of talik under the thermokarst basin was 3 m, and in 2008
it was 6 m. The volume of water in 1998 and 2003 was
calculated taking into account changes in the bank line
of the thermokarst lake and the bottom subsidence. The
calculation of the water volume and the water balance
in the growing young thermokarst lake was completed
every 5 years: in 1993, 1998, 2003, and 2008.

We calculated the water balance on the basis of the wa-
ter volume in the lake. Regular measurements of subsid-
ence, the thermokarst lake bottom surface, and the lake
bank line dynamics allowed us to calculate the water vol-
ume for a specific period. The SURFER 8 software was
used for the analysis of leveling results and the calcula-
tion of the required water area and the volume values
for the lake (Fig. 3). For example, in 1993 the area of
independent water bodies not connected with each oth-
er, at the water level -2.0 m, was 195 m?, and the water
volume in these water bodies was 33.7 m>. In 1998, the
lake gained a single contour, but independent high-center
polygons formed islands in it. The bank line of the lake
was at the level of -1.8 m, and the area was 957 m?; the
water volume was 340 m?®. In 2003 the lake was wider

and deeper. The characteristics were as follows: bank
line -1.86 m, area 1229 m?, and water volume 807 m?.
By 2008, the lake changed completely after a number
of rainy years; the water level grew to -1.52 m, the area
increased to 3135 m?, and the volume reached 3503 m?.
Then the water volumes from precipitation that fell di-
rectly on the lake water surface and the water volumes
from ground ice melting were calculated. The volume of
the water evaporated from the lake was calculated with
account of the evaporation value at the Yakutsk weather
station. We did not divide the runoff into surface and
supra-permafrost, and it was calculated as a remainder
of the water balance equation. Moisture condensation as
an input element does exist, and we do not have specific
data for its calculation. For water balance calculation, we
included it into the remainder together with the runoff

Results

Water Volume from Precipitation.

According to the nearest Yakutsk weather station data
for 1993-2008, 239 mm of precipitation fell on average
per annum, with the maximum value of 326 mm (2006)
and the minimum value of 134 mm (2001). The water
supply was estimated for the summer (May—September)
and the winter (October—April) periods. Between 1994
and 1998, the total water supply increase taking into
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Figure 3. Size and water content changes in the young thermokarst lake at the Yukechi site.

account the change in annual lake area per thermokarst
lake was 516.4 m? in summer and 202.8 m? in winter
(excluding mean evaporation from the snow surface of
16% of winter precipitation). In 1999-2003, the water
supply from precipitation was 900.8 m? in summer and
358.0 m?® in winter, and in 20042008 it was 2266 m? and
940.6 m?, respectively. Water supply changes by five-
year periods were not that significant for the catchment
basin area which decreased due to the lake area increase
as compared to the lake alone.

Water losses from evaporation.

According to the Yakutsk weather station data for
19932008, the evaporation power was on average 0.36
m, with the maximum value being 0.39 m (1993) and
the minimum value being 0.30 m (2000). Between 1994
and 1998, 1144.0 m’of water evaporated from the lake
that was changing in area; between 1998 and 2003 it was
2274.3 m?®; and between 2004 and 2008 it was 4964.4
m?. While the total evaporation volumes during the first
five-year periods were commensurable, the evaporation
volumes became extremely notable with the significant
increase of the total water supply and the lake widening.

Water volume from ice complex melting.

We calculated the water supply from ground ice melt-
ing under three different conditions: directly from under
the lake, from the shallow-water area, and from the ther-
mokarst depression slopes. Annually, 9.6 m* (1993) to
440 m? (2008) arrived directly from under the lake, the
area of which varied from 195 m? in 1993 to 3135 m? in
2008. We conventionally assumed that the lake area of
the previous year was the lake contour for the calculation
of ice melting directly from under the lake. For example,

if the lake area in 1994 was 347 m? on average, we used
195 m? for calculation (the lake area in 1993). And the
area difference was referred to the shallow-water zone.

The annual mean lake bottom subsidence according
to our monitoring in 1994-1998 was 0.054 m; in 1999—
2003 it was 0.136 m; and in 2004—2008 it was 0.176 m.
Based on these values, we calculated that the ice com-
plex with volumetric ice content 0.5 melted on average
0.1 m, 0.27 m, and 0.35 m during these years. These data
were included in our calculations.

Water supply due to ground ice melting in the shal-
low-water zone was calculated independently. The sub-
sidence rate in the shallow-water zone was 0.05 m per
annum, like in the shallow lake between 1994 and 1998,
and the annual ice complex melting was estimated as
equal to 0.1 m.

Ground subsidence up to 0.02 m per annum occurs
also on relatively steep slopes of the thermokarst de-
pression. This was also taken into account in the water
supply calculation due to the ice complex melting. We
estimate the annual ice complex melting at these sites as
equal to 0.04 m.

Water supply due to ice complex melting between
1994 and 1998 was 369 m? of water, between 1999 and
2003 it was 903 m?, and between 2004 and 2008 it was
1834 m? of water.

Water volume supplied by means of surface and supra-
permafrost runoff, including condensation.

We did not calculate these data directly due to the
known methodological difficulties. However, the avail-
able data on the water volume in the lake for specific time
periods allowed us to calculate its quantity through the
water balance equation. On residual principle, 417.0 m?
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Table 2.Structure of water supply formation in the young thermokarst lake at the Yukechi site.

Years Atmospheric | Ground ice melt- | Total runoff, | Evaporation, m* | Water volume
precipitation ing, m? m? in the lake, m?
per lake, m?
1994/1998 664.0 369.3 417.0 -1144.0 306.3
1999/2003 1272.3 902.8 566.2 -2274.3 467.0
2004/2008 2980.1 1833.8 2646.5 -4964.4 2496.0

Table 3.Structure of the i

nput part of water balance in the youngthermokarst lake.

Years Surface part | Atmospheric precipi- | Ground ice melting, % Total runoff, %
of water sup- tation per lake, %
ply, m’
1994/1998 1450.3 45.8 25.5 28.8
1999/2003 2741.3 46.4 329 20.7
2004/2008 7460.4 39.9 24.6 355

fell on the total runoff with condensation in conditions of
all known water balance equation values in 1994—1998,
566.2 m? in 1999-2003, and 2646.5 m? in 2004—2008.

The catchment basin area was estimated on the basis of
the field topographic survey in 2008. Taking into account
the widening of the thermokarst lake, the catchment ba-
sin area varied from 9256 m? in 1993 to 6316 m? in 2008.
In total, between 1994 and 1998 the water volume sup-
plied to the catchment basin was 9689.6 m?®, between
1999 and 2003 it was 8337.4 m?, and between 2004 and
2008 it was 8981.9 m>®. Only 4.3% of this precipitation
reached the lake in 1994—-1998, 6.8% in 1999-2003, and
29.5% in 2004-2008. The earlier estimated runoff coeffi-
cient in Central Yakutia was 10-20% (Chistyakov 1964,
Buslaev 1981). The anomalous runoff between 2004 and
2008 is primarily associated with the precipitation re-
gime and the snow melt regime in spring (the increase of
winter precipitation, anomalous autumn precipitation).
These played a significant role in flooding of all Central
Yakutia lakes in the studied period.

Conclusions

The produced calculations allowed us to evaluate the
structure of water supply formation in the young ther-
mokarst lake, the input and the output components, as
well as the water balance during the specific time peri-
ods (Tables 2 and 3). The input part includes all sources:
summer and winter precipitation, ground ice melting,
and total runoff, including surface and supra-permafrost
runoff together with condensation. There is no inflow of
inter- and sub-permafrost waters due to the fact that the
thaw basin is closed. The output part consists of water
evaporation both in summer and spring. Water runoff
from the lake is not included in the output part because
this thermokarst lake does not have outflow. The water
balance in the thermokarst lake is the input and the out-
put ratio.

Therefore, the role of ground ice melt in the water bal-
ance formation in the young thermokarst lake in Central

Yakutia is quite significant and makes up to one-third of
the whole input in the balance. This is also confirmed by
morphological changes in the lakes. Both extension and
deepening of young thermokarst lakes occur in Central
Yakutia almost throughout the entire territory. Not re-
ally large-scale, but quite notable, permafrost landscape
transformation occurs in conditions of modern climate
changes with activation of cryogenic processes. Dur-
ing the recent 10-20 years, many open sites at the ice
complex, earlier used as cultivated lands and pastures,
became “bylars,” the primary form of thermokarst sub-
sidence terrain.
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Rock Glaciers and Permafrost Gravitational Formations
of the Kolyma Upland

A.A. Galanin
Melnikov Permafrost Institute, SB RAS, Yakutsk, Russia

Abstract

Approximately 1160 formations that are morphologically similar to rock glaciers were identified based on remote
mapping and field research in the ridges of Grand Rapids, Tumanskiy, Khasynskiy, and Del-Urenchen as well as
in the Dukchinskiy and Kilganskiy Mountains. A map of the rock glaciers of the Kolyma Upland was compiled.
Apart from cirque rock glaciers formed as a result of ablation, a large number of slope-associated, lobate-shaped
formations were identified. These rock glaciers form in the zones of tectonic badland and in association with the active
seismic-generating faults. The integration of the regional data on tephrochronology, lichenometry, pollen spectra, and
radiocarbon dates allows us to preliminarily relate most of the active rock glaciers to the Late Holocene.

Keywords: Kolyma Upland; Neoglacial epoch; paleoseismic-dislocations; rock glaciers; landslides.

Introduction

Rock glaciers have been observed in many mountain
structures of America, Europe, and Asia (Barch 1996,
Gorbunov 2008 a,b,c). A considerable number of them
(more than 6,000) were recently detected in the territory
of northeastern Asia (Galanin 2009 a,b). At the same time,
the rock glaciers of many mountain structures in this region
remain poorly investigated. This is linked with the fact that
large representative sites are remote and difficult to reach,
the bodies of rock glaciers are difficult to excavate, and their
age and flow rates are problematic to distinguish.

The investigation and mapping of the formation of rock
glaciers are areas of considerable interest both fundamentally
(Barch 1996) and practically (e.g., in the design of linear
structures in mountain areas). Some rock glaciers of the
Chukotsk Peninsula provide a source of high-quality
construction gravel and are actively mined at present.

The primary target of this paper is to provide general
characteristics of the geography and morphology of the
rock glaciers of the Kolyma Upland, which still remain the
least described in the literature. This paper is based on field
studies at key sites and results of the areal interpretation of
air and satellite photographs. The ages of the rock glaciers
were estimated on the basis of methods tested earlier
(Galanin 2009a, Galanin & Pakhomov 2010).

Rock glaciers began to form in the territory of the Kolyma
Upland and adjacent areas relatively recently. A detailed
review of their research history was reported separately
(Galanin 2008). The fact that rock glaciers occur in North
Priokhotie was mentioned by Titov (1976). He characterizes
them as a form of colluvium, relatively rare and poorly
studied in this region.

Rock glaciers were discovered in the North Priokhotie
(in the territory of Khabarovskiy Region) by Bogachev et
al. (1994), who distinguished several morphological types.
The sizes of the identified formations range from several
hundreds of square meters to 1.5 km?, while their thickness
varies from 5 to 30 m, occasionally up to 40 m. The front
slopes have a steep gradient of up to 40°. The surfaces of
rock glaciers are uneven with sinuous furrows, conical
depressions, and ramparts from 0.5 to 10 m. The researchers
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conclude that rock glaciers are widespread polygenetic
phenomena that are closely interconnected with cryogenic
slope structures and depend on the climatic and geological
conditions of the territory.

The research history of the rock glaciers of the Kolyma
Uplandreached its mostdramatic pointinthe 1990s, whentens
and hundreds of these formations were remotely identified
as seismic-induced landslides (paleoseismic-dislocations)
and their “swarms” (Vazhenin 2000). This resulted in some
speculative seismic forecasts and geodynamic constructions.
This fact served as a reason for special research into the
formation of rock glaciers in northeastern Asia that lasted
for more than 10 years (Galanin 2009 a,b). One of its
results was proof that the previous paleoseismic-geologic
investigations were incorrect (Smirnov et al. 2001).

Meanwhile, some regions of northeastern Asia and the
Kolyma Upland are actually located within the seismic belt
of the Cherskiy, Koryaksko-Kamchatskiy, and Chukotskiy
seismic zones. For instance, in some regions there were
identified sporadic ground-ice formations of large size
that exhibit strong morphological evidence of the recent
seismo-tectonic deformations, including surface ruptures,
detachments from the bed, and rock disintegration. They are
often associated with large faults and seismic dislocations.
We classified such morphologically abnormal rock glaciers
as fault-associated rock glaciers. The most representative
rock glaciers of this type were detected in North Priokhotie
on the Koni Peninsula and on the Chukotsk Peninsula in the
vicinity of the village of Providenie city (Galanin 2009a).
At the same time, analysis of all the detected glacier-like
formations (approximately 6,000) of northeast Asia (Galanin
2009b) did not indicate that they are spatially associated
with the seismic lineaments of the current seismic zoning
map (General Seismic Zoning — 97). For this reason, further
research is required into the genesis of fault-associated
and deformed ice-ground bodies that are morphologically
similar to rock glaciers.

Rock Glacier Map of the Kolyma Upland

The method employed in the mapping of rock glaciers
was described earlier (Galanin 2009b). The interpretation
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Figure 1. Rock glaciers of Kolyma Upland: 1 — areas of the first Late Pleistocene glaciation (Yermakovsko-Zyryan), 2 — areas of second
Late Pleistocene glaciation (Early-Karginsky-Sartansky) 3 — areas not covered by late Pleistocene glaciations, 4-7 — rock glaciers and their
paragenetic landforms: 4 — complex cirque-associated, 5 — simple cirque-associated, including inactive, 6 — lobate-shaped slope-associated;
7 — inactive, 8 — large seismic dislocations (disturbances) in association with abnormal and deformed rock glaciers, 9 — settlements.

of satellite photographs with resolution from 6 to 15 m
made it possible to detect about 1160 sites on the territory
of the Kolyma Upland that are morphologically similar to
rock glaciers or develop in close association with them.
Among them, about 550 formations were classified as
slope-associated lobate-shaped type; 279 tongue-shaped
and 24 complex rock glaciers were discovered within glacial
cirques; 115 large snow and firn basins were identified; 82
rock glaciers were classified as inactive.

The mean density of rock glacier distribution makes
up about 10 to 17 glaciers per 1000 km?* and reaches its
maximum values within the Okhotsk-Kolyma divide. Most
of the investigated sites are associated with the upper parts
of late glacial complexes of the Pleistocene-Holocene age.
Complex rock glaciers (formations that are in transition
to glaciers) occur rather rarely at the head of late glacial
complexes as glacier forms and are found mainly in the axial
parts of the Tumanskiy, Korbendya, and Tenianny Ridges
(Fig. 1). Slope-associated rock glaciers including those
associated with large faults and with the zones of tectonic
badland occur most often.

The Ridge of Grand Rapids and the Bokhapchinskie
Mountains

The massif of the Bolshoy Mandychan Mountain (2200
m a.s.l.) constitutes a part of the Grand Rapids Ridge and is
associated with the mountain massif of the same name that
adjoins the Bokhapchinskie Mountains. Sharply dissected
alpine type of relief of stages 23 is widespread here with the
maximum elevations ranging from 2000 to 2200 m a.s.l. and
the relative heights reaching 1400 m. The largest late glacial

complex is found at the northern slope of the Mandychansky
Massif. It extends over 12.5 km and belongs to the basin of
Lake Gagar and the Maly Mandychan River (Fig. 2). The
geomorphological map and description of the investigated
area are published (Galanin & Pakhomov 2010).

The entire glacial complex is composed of large boulders
and blocks of granite-porphyries that form the core of
the granitoid batholith of the Late Jura-Early Cretaceous
age. Eight to ten stadial moraines that are separated from
each other by lake basins, rock bars, or flat icing surfaces
are distinguished. The latest generations of rock glaciers
comprise active and inactive rock glaciers of different size
and morphology that were identified at the head of Levada
Creek (Figs. 2, 3).

The large cirque-valley rock glacier is associated with
the left cirque of the multi-chambered cirque at the head of
Levada Creek. Its length is about 2600 m and it developed
from a cirque moraine. The abnormally deformed surface
with ruptures in its continuity indicates that the frontal part
(observation points 59, 60) underwent a rapid and cata-
strophic dislocation over the distance of approximately 1 km.

An inactive slope-associated rock glacier is found on
the right side of Levada Creek at the height of 1070.3 m
(observation point 56). It belongs to the polylobate type and
is superimposed on the earlier stadial moraine rampart. It
has a length of about 200 to 250 m and width of 1 km. The
surface is composed of large granite blocks and has partly
inverted mound-and-pit microrelief with ridges and lobes
directed toward the valley thalweg. The gradient of the front
slope is about 30°. The depressions have a discontinuous
vegetation cover with dwarf pine and birch.
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Figure 2. Rock glaciers in the head of the Mandychansky
late glacial complex (Ridge of Grand Rapids): 1 — edges
of glacial cirques, 2 — crossbars and rocky benches of the
thalweg, 3 — the maximum limits of the Last Glaciation (Late
Wisconsinian), 4 — rock glaciers, 5 — moraine edges, 6 —
glacio-fluvial sediments, 7 — lard block landslide of the cirque
wall, 8 — elevation points, m a.s.l., 9 — sites of lichenometry
and Schmidt Hammer Test data.

The age of the inactive rock glaciers in the basin of Levada
Creek corresponds to the Early Holocene, while the age of
the contemporary active generations is not more than 2000
to 2500 years BP (Galanin & Pakhomov 2010).

The Del-Urenchen Mountains

Another late glacial complex was studied at the area of
Cycyn Creek (tributary of the Khasyn River), whose 6-km-
long, sub-latitudinal valley is oriented along the fault and
forms a system of multi-chambered cirques in the upper
reaches of Cycyn Creek (Fig. 4).

Fragments of the numerous marginal channels indicate that
the degradation of the last glaciation in this area underwent
four stages and continued in the Holocene. A lateral moraine
with buried ice remnants was formed at the left side of the
creek at the end of deglaciation. A thick slope-associated

rock glacier of the polylobate type developed here in the
Late Holocene.

This rock glacier called Karamkenskiy is located 2.5 km
northeast of the village of Karamken. The length of some of
its lobes ranges from 100 to 150 m, while the general width
is approximately 2 km. The surface is tilted toward the creek
thalweg at an angle of about 10°. The front slope height
ranges from 40 to 60 m, while its gradient is 35 to 40°.

Morphologically, the rock glacier is a narrow slope-
associated surface that resembles a terrace and has a
constantly renewing steep front slope. The surface has no soil
and vegetative cover and is composed of large rock debris
and gabbro-diorite boulders or, less often, of hornstones
coming from the adjacent bedrock slope with the gradient of
45 to 50°. The surface is permanently located in the shade,
which favors a large snow bank remaining at the base of the
slope throughout the summer.

The microrelief is formed by hillocks and ridges with
elevations from 3 to 8 m directed across the flow of the rock
glacier. The largest blocks of rocks with a diameter up to
3.5-4 m are associated with the hillock tops. The vegetation
covers less than 5% of the rock glacier surface.

The hillocks separated by oval and diamond-shaped
basins with a depth of 2 to 2.5 m form a group of five curved
ramparts positioned over one another.

According to the tephrochronologic data, the age of the
rock glacier surface is 2700 years BP (Galanin et al. 2005).
Lichenometry dating allowed us to estimate that the dynamic
(minimum) age of this formation is up to 2000+400 years
BP (Galanin & Glushkova 2006).

The 50-km-long sub-latitudinal Khasynskiy Ridge extends
at a distance of 60 to 70 km from the coastline of the Okhotsk
Sea. The maximum peak height reaches 1400 m a.s.l. The
youngest glacial landforms and sediments are located in
the axial part of the ridge. At the heads of the valleys, the
complex multi-chambered cirques have steep and abrupt
back walls.

The typologic late glacial complex was investigated in the
basins of Shater and Bessi Creeks. Its geomorphological map
and description have been reported (Galanin et al. 2005).
Two small drop-shaped inactive rock glaciers composed
of large blocks and rock debris were detected at the right
side of the Bessi Creek valley at the height of about 600 m
a.s.l. Their marginal slopes have a gradient of 25-30°. The
surfaces of the rock glaciers are tilted slightly toward the
thalweg and are covered with clumps of Siberian dwarf pine.

A 10-cm-thick horizon of volcanic ash dated about 2700
years BP was discovered at 10—15 cm depth in the sediments
of the drained glacial lake at the head of the same valley. The
lake probably existed for a short period of time adjacent to the
front part of the tongue-shaped rock glacier that is currently
in the inactive state. Its flattened surface is built of coarse-
grained sediments and is completely devoid of soil and
vegetation. The rock glacier length is approximately 400 m.
No volcanic ash was found, which allows us to estimate the
lower limit of its age. We link the rock glacier formation to
the Neoglacial cooling of 2000 to 2500 years BP. The spore
and pollen spectra revealed in the lake sediments confirm
this supposition (Galanin et al. 2005).

Three zones were detected in the pollen diagram. Zone 1
(55-31 cm) has a high content of Alnus (up to 60%), Betula
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Figure 3. Morphological features of the lobate slope-associated rock glacier at the head of Levada Creek (site 57, see Fig. 2): a — pitted

surface of the active lobe, b — the thawing lobe at the cirque lake.
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Figure 4. Geomorphological scheme of Karamkenskiy rock glacier at the head of Cycyn Creek (Del-Urechen
Ridge): 1 — Late Pleistocene moraine of the first stage (Early Wisconsinian); 2 — Late Pleistocene moraine of the
second stage (Late Wisconsinian); 3 — slope-associated lobate-rock glaciers of the Holocene age; 4 — moraine
crests; 5 — modern channel and floodplain; 6 — avalanche-debris flows; 7 — bluffs of the erosional channels; 8
— edges of cirques with bedrock outcrops; 9 — Cycyn Creek catchment area; 10 — sites of lichenometry dating
(a) and tephrochronology locations on the surface and in soil sections (b); 11 — geomorphological boundaries:

a— observed; b — supposed.

(shrub species, up to 12%), Pinus Haploxylon (up to 15%),
and a rich variety of herbs. It is related to the end of the
Boreal and to the beginning of the Atlantic period according
to the Blytt-Sernander classification.

Zone 2 (31-4 cm) corresponds to the coldest interval
of the entire spectrum. This zone undergoes a decrease in
the pollen of Alnus (down to 10%) and Pinus Haploxylon
(down to 2-10%). The correlation of the Betula sp. pollen is
fluctuating between 5 and 20%, while the Poaceae content
rapidly increases (up to 70%). Botrychinaceae predominates
in the spore group (up to 250%).

The spectra of zone 3 (4-0 cm) are in good agreement
with the contemporary type of vegetation cover of Pinus
Haploxylon (up to 40%), Alnus (up to 35%) and Betula (up
to 8%). The pollen of Cyperaceae, Artemisia, Ericales, and

Brassicaceae except for Poaceae (up to 15%) is presented in
small quantities. Polypodiaceae (up 180%), Spagnum (up to
10%), and Botrychinaceae (up to 3%) constitute the spore
content. The currently inactive rock glacier most probably
formed within the interval of the second pollen zone at the
end of the Atlantic period of the Late Holocene 2000 to 2500
years BP, which agrees well with the age of the indicator ash
horizon.

The Tumanskiy Ridge

Five formations were detected by Sedov (1995) at the
upper reaches of the Nyarka, Dyuken, Kalalaga, and
Kananyga rivers in the mountains of the western coast of
the Gizhinskaya Bay (the Tumanskiy Ridge). The author
interpreted them as glaciers and named them Nyarka,



Figure 5. a — the frozen seismo-tectonic badland (area of the bedrock crushing) consisting of hastate debris of Triassic carbonaceous shales
and sandstones at the head of Bezymyanniy (No-named) Creek (Kilganskiy Massif, 61°0.34'N, 153°50.23'E); b — the lens of congelation ice
in the fractured bedrocks on the top of Juliet Hill cut by prospecting trench.

Dyuken, Okhotskiy, Somnitelny, and Koltsevoy. The length
of the detected formations varies from 0.3 to 1.2 km, while
their area ranges from 0.2 to 0.47 km?. They are all found at
the bottoms of glacial cirques of northern and northwestern
aspect. The elevation of the firn lines fluctuates between 690
and 1500 m a.s.l., while the ablation area at three glaciers
during the observations was covered with seasonal snow
bank 30 to 50 cm thick. Under this snow cover, a 30-cm-
thick layer of new ice was identified. The firn basin consists
of a number of avalanche fans rising 3 to 5 m above the
surface of the snow and firn fields. According to the given
descriptions, the formations investigated by the author
correspond more to complex rock glaciers of an ablation
type with mixed nival and congelation alimentation.

The Kilganskiy Mountain Massif

Several abnormal (fault-associated rock glaciers) as
well as several other ice and rock formations were studied
within the Kilganskiy Mountain Massif in the western part
of the Tumanskiy Ridge. The massive reticulated glaciation
developed here in the Late Pleistocene, widely distributed
through valleys and glacial facets and absent classic glacial
cirques (Fig. 1).

Nearby the Julietta mine and at the head of the Kilgana
River in the area of rugged medium mountains a great
variety of frozen ice and rock formations and rock glaciers
of slope-associated types were identified. Most often they
are adjacent to either ruptures or glacial facets.

A specific row of forms that develop under dynamic
seismo-tectonic activity, syngenetic freezing, and ice
formation may be detected. These are tectonic wedges
and outliers, seismo-tectonic badland (Fig. 5), and fault-
associated rock glaciers. In paragenesis with these features,
taluses, deserption, underwashing, snow, water and rock
mudflows, and icings dynamically form within the same
periglacial (permafrost) landscape.

The fault-associated rock glacier in the basin of Krasniy
Creek is composed of small angular rock debris of Triassic
sandstones and siltstones and belongs to the polylobate type.
The thickness of the lobes in the frontal part makes up 10 to
15 m. Each lobe is sustained by a separate talus. The steep
crumbling front slope transforms into a sub-horizontal area

40 to 50 m wide and 25 to 30 m long. Its back part is covered
with a talus fan. The total width of the joined lobes of the
rock glacier is approximately 300 m.

Conclusions

The research performed in the Kolyma Uplands
detected a considerable number of rock glaciers of several
morphogenetic types. It also revealed transitional formations
of a mixed genesis with an unclear classification status. The
resulting map of the rock glaciers of the Kolyma Uplands
and the investigation of key typological sites make it possible
to determine some specific features of the morphology, age,
and geography of these formations in the study region.

Rock glaciers and transitional formations similar to these
are widespread in water divide areas of mountain structures
mainly within the range of a 200-km-long strip extending
along the coast of the Okhotsk Sea and exposed to the active
influence of Pacific monsoons. Most of the rock glaciers
inherit the areas and the relic elements of the Late Pleistocene
glacial relief and stratigraphically overlay the late-glacial
complexes. This makes it possible to consider some rock
glaciers as the final (Holocene) stage of deglaciation.

Another distinguished genetic type of rock glaciers
(permafrost type) is linked with syngenetic freezing of thick
sequences forming at the base of slopes by accumulation of
coarse-grained sediments saturated with interstitial ice.

The available direct and indirect data on the age of rock
glaciers indicate that the formation processes of cirque-
associated and slope-associated rock glaciers were activated
at the end of the Atlantic period.

Some of the currently active slope-associated rock
glaciers are connected with synlithogenic (contemporary)
freezing of the disintegrated coarse-grained sediments in the
zones of active fault disintegration, and therefore they may
give indirect information on the Holocene seismo-tectonic
activity in the region. The structure and genesis of such
formations are yet to be studied in more detail.
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The Method of a Short Cylindrical Probe in Thermophysical Studies of the Bases of
Dams Belonging to Northern Hydroelectric Complexes

R.I. Gavrilev
Melnikov Permafrost Institute, SB RAS, Yakutsk, Russia

Abstract

Construction of northern dams usually involves the upper rock horizons in the zone of weathering and destruction.
When conducting thermophysical studies of dam bases in this zone, probe methods are the only ones that can be
employed. Among them, the method of a short cylindrical probe may be singled out due to the fact that it is practi-
cally convenient to insert such a probe into the mass of frozen ground and rocks under study. Utilizing this method,
we investigated the coefficient of thermal conductivity of the rock mass at the dam bases of the Vilyuy Hydroelectric
Complex-IIT (HEC-III) (carbonate rocks) and the Telmamskiy Hydroelctric Complex (HEC) at the Mamakan River
(granite). This paper gives a brief description of the probe and reports the results of the research into the thermophysi-
cal properties of rocks in their natural conditions at the specified points.

Keywords: dam bases; rocks; short cylindrical probe; thermophysical properties.

Introduction

Dam construction in the northeastern regions of Russia
is complicated by permafrost. All permafrost properties, in-
cluding strength properties, depend greatly on temperature
conditions. Therefore, when designing a dam located on
permafrost, it is necessary to make thermal estimates that
predict the interaction between the dam’s structure and the
surrounding rock mass. Such estimates require knowledge
of the thermophysical characteristics of rocks in their natu-
ral setting.

The areas where northern dams are constructed are usu-
ally characterized by a complex geological structure, as they
encompass the upper horizons of the weathering zone in-
cluding the zones of fractured rock. The rock mass in the
fractured zone is represented by an accumulation of small
and large fragments, plates, and blocks of parent rocks filled
with unequal content of ice and of fine-grained soils. The
orientation of fragments and plates is different, ranging from
horizontal to vertical.

The fractured and weathered zones are sometimes impos-
sible to sample for laboratory determination of thermophysi-
cal properties. The only acceptable research method in this
case is to measure thermophysical properties of the rock
mass directly in mines and adits using a probe.

The probe method that has become the most widespread
among the numerous ones discussed in the literature is the
method of a cylindrical probe that has an infinite length
(“probe-needle”) and constant heating power. This probe
is represented by a metal rod that contains a heater and a
thermocouple temperature sensor. Theoretically, it reflects a
linear heat source in an infinite body, and therefore it must
be infinitely long. Practically, this condition is satisfied
when the probe length exceeds its diameter by more than
30 times (Blackwell 1954). Even with such a ratio between
the probe’s dimensions, its insertion into the mass of frozen
ground and rock encounters considerable technical difficul-
ties, as it is practically impossible to make deep holes with
ordinary drill bits in such hard materials. Generally, “probe-
needles” are mainly applied to thawed ground. In this case,
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they are simply stuck into the wall of a test pit without exert-
ing much pressure on them.

Considering what was stated above, we suggest the
method of a short cylindrical probe (Gavrilev 1984) to make
field measurements of thermophysical properties of frozen
ground and rock mass. Such a probe has a low ratio of length
to diameter equaling five instead of thirty in the case of the
“probe-needle.” This renders it possible to use standard
drill bits with carbide and diamond tips to drill holes in the
rock mass for inserting a probe. Thus the method of a short
cylindrical probe was developed as a practical need in order
to make mass thermophysical measurements in geotechnical
site investigations prior to the construction of large facilities
on permafrost. Based on this method, over different periods
oftime, we carried out field measurements of thermophysical
properties of rocks in the adits of the dam bases of the
Vilyuy HEC-IIT (1979-1981) and of the Telmamskiy HEC at
the Mamakan River (1985) (Fig. 1).

The experiments were performed in the mass of carbonate
rocks at the Vilyuy HEC-III and in the granite mass at the
Telmamskoe reservoir. Despite the extreme strength of the
indicated rocks, the applied probes showed themselves to
the best advantage. They proved rather reliable in the ac-

Svetlinskaya HEC (Vilyuy HEC Il

Figure 1. Map of sites under study.
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curacy of measurements, simplicity of structure, and resis-
tance to mechanical exposure. The present paper reports the
results obtained in the research to illustrate the method of
a short cylindrical probe under complicated geocryological
conditions of investigations into the bases of northern dams.
It should be noted that the early literature presented little
information on permafrost and short probes. That is why the
author thinks it necessary to briefly describe its main charac-
teristics, focusing mainly on an explanation of the measure-
ment method.

The Method of a Short Cylindrical Probe

If a short cylindrical heat source (a probe) of constant
heating power Q is inserted into the wall of a semi-closed
environment (z>0) with an insulated surface, then the excess
temperature of the source (the probe) at the beginning of the
coordinates (r=0, z=0) at the wall of the investigated object
is described by the formula (Gavrilev 1984):

4, = (ql/ﬂRzi)j;dzf[;(r/\/rz +z* jerfc(\/r2 +z? /ZJE)dz, (1)

where §, =¢, —t, is the excess temperature of the heat
source; ¢_is the temperature of the heat source at (r=0, z=0)
at any point of time t; ¢,=(Q// is the heating power of the heat
source per unit of its length /; R is the probe radius; r-z are
the current spatial coordinates; A and « are the coefficients
of thermal conductivity and thermal diffusivity of the rock
mass; erfc=1-erf; erfis the Gauss error function.

With higher time values when 7 > (R2 +1° )/ a , formula (1)
amounts with a sufficient degree of accuracy to the follow-
ing asymptotic expression:

3. =(q, /27»1)(/1 ~1/Jmr ) )
where A:J/R(,IHZZ/RZ —1/R)+1n(l/R+,/1+12/R2) is the

probe’s constant.

Formula (2) is valid for any ratio //R. However, we as-
sume R//<0,1 in order to approximately estimate the series
convergence of time when its subsequent components be-
come extremely small. Then, with 7 > /> / a , the difference
between Formulas (1) and (2) does not exceed 2%.

Formula (2) suggests that if the observation data of the
experiment @ or An_are depicted as a graph of 3 (or An)
against the parameter 1/,/; , we will have an asymptotic
straight line (Fig. 2).

The points of the intersection of this straight line with the
axes of ordinate and abscissa will respectively give &, or
An and , 1/ \/Z which may be used in the estimate of ther-
mophysical properties. Based on the stationary increase of
the probe temperature @, the coefficient of thermal con-
ductivity is estimated:

A=q,A4/2783,, 3)

The coefficient of thermal diffusivity is determined ac-
cording to the value | / \/;

a=( )zt i/, | @

The probe (Fig. 3) consists of a metal tube body (1) that

an
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Figure 2. The graph of the galvanometer readings An (divi-
sions) against the parameter 1/y/z (ﬁfl/z) .

has an embedded electric heater (2). The “hot” thermocou-
ple junction (3) is soldered to the center of the probe body at
the base of its insulating handle (7), while the “cold” junc-
tion (4) is outside the probe. One end of the body is plugged,
while the other is attached to cylindrical handle (7) made
of material with a low coefficient of thermal conductivity
(e.g., ebonite). The handle is equipped with a flexible at-
tachment (6) of foam rubber that insulates the zone with
the diameter of about 15-20 probe diameters from heat at
the mass surface. Hole (8), which is inside the handle and
through which the wires are pulled from the electric heater
and from the thermocouple, is filled with waterproof sub-
stance (e.g., paraffin), while the hollow of body (1) is filled
with substance of high thermal conductivity (e.g., fusible
Wood’s metal). The probe size is determined based on the
ratio: [>/0R, specifically R=0,3 and /=3 cm.

The thermocouple circuit is connected to a galvanome-
ter (12). Heater (2) is included in the circuit with source of
current (11), the rheostat (9), and switch (10).

Before making measurements, the probe is inserted into
the examined mass (5) through a hole drilled in advance,
while the “cold” thermocouple junction is positioned in the
environment at a distance that excludes the thermal effect of
the probe during the experiment (30—40 cm). To reduce the
thermal resistance at the contact surface between the probe
and the mass, the cavity is preliminarily filled with lubricant
made of mud or technical petroleum jelly. The insertion of
the probe presses the excess lubricant out of the cavity en-
suring a good contact between the probe and the mass. It
should be noted that the ratio of the probe dimensions indi-
cated above makes it possible to utilize standard drill bits for
drilling holes in the mass of frozen ground and rocks.

The thermophysical characteristics of the examined mate-
rial are determined with the help of the suggested probe in
the following way. After the insertion of the probe into the
mass, researchers wait 20-30 minutes for the temperature
field of the system to stabilize. At the same time, the stop-
watch and the current of the probe heater are switched on.
The direct current in the circuit of the probe heater is main-
tained with the help of a rheostat (9) during the experiment.
After 30—40 minutes, the readings of the galvanometer » are
measured over time intervals.
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Figure 3. The structure of a short cylindrical
probe.

Based on the acquired data, we construct a graph of An
against the parameter value 1/4/z (see Fig. 2). The value
An is defined at the intersection of the straight line (obtained
by drawing the asymptote of the experimental points) with
the ordinate axis, while the value 1/ \/Z is determined at the
intersection of this straight line with the absciss axis.

According to formulas (3) and (4), the coefficients of
thermal conductivity and thermal diffusivity are estimated.
Formula (3) may be presented in the following way:

A=BI*|/Mm,, (5)

The error of the determination of thermophysical charac-
teristics is estimated to be within £7%.

Results for the Coefficient of Thermal
Conductivity of the Rock at Dam Bases

The Telmamskiy Hydroelectric Complex, Mamakan River

The bedrock in the area where the Telmamskiy HEC is
constructed is mainly represented by granites and veins
(pegmatites) that occupy up to 5% of the general rock vol-
ume. The thermal conductivity coefficient of the bedrock
was measured both in the field (directly in the rock mass of
the adit 1 by probing methods and in the laboratory in the
drill cores obtained from boreholes 65, 81, and 110.

Adit 1 is located at the right bank of the Mamakan River at
the absolute elevation of 319 m according to the IT1I-III sec-
tion representing the axis of the dam. The adit is buried into
the bedrock mass down to 30 m and occupies a weathered
layer (about 10 m from the river mouth). The rocks are in the
frozen state. The mean temperature of the adit was approxi-
mately 2°C below zero during the research.

The field measurements of thermal conductivity coeffi-
cient of the granite mass in Adit 1 were made with the short
cylindrical probes at 10 points. The holes for probes were
drilled in the rock mass by the drill bits with diamond tips.
We had only 4 drill bits that soon became worn in the granite
mass, but we managed to take approximately 60 measure-
ments in the granite mass and pegmatite veins during the
field season. The probes were 6 mm in diameter and 30 mm
in length, which corresponds to the sizes of the diamond

Table 1. The averaged values of the thermal conductivity coeffi-
cient of the rock mass in Adit 1 located in the dam base of the Tel-
mamskiy HEC, Mamakan River.

, Rock description

=} = P

Z | = g2=dg|l_g

£ |3 |2ZEEgER

£ |2 |ESEEE|<E

1 1.0 |58() 291 Fine-grained, gray,
biotite, massive, hard
and fissured granite (de-
scription A)

2 1.0 |4.8(r) 3.00 Medium-grained, light
gray, biotite, massive,
very hard and slightly
fissured granite (de-
scription B)

3 1.4 |3.7() 3.13 Pegmatite vein (descrip-
tion C)

4 0.6 |72(0) 2.90 Description A

5 1.2 |95() 2.97 Description B

6 1.2 13.1 () 2.45 Description A

7 0.8 14.4 (r) 3.09 Description B

8 1.1 20.0 (1) 2.90 Description B

9 1.1 20.9 (1) 2.76 Description B

10 1.0 18.8 (1) 2.88 Description C

Note: The letters in the brackets of the third column stand for: “1” -
the left wall of the adit, “r” - the right wall of the adit.

drill bits. Table 1 shows the results gathered during field
measurements of the thermal conductivity coefficient in the
granite mass at the base of the Telmamskiy HEC dam.

Geologically, two types of granite are distinguished ac-
cording to their formation phases: amphibole and biotite
granites, and aplite-like granites. The texture of the first type
is porphyritic due to the presence of phenocrysts of potas-
sium feldspar, while its structure is massive and gneissoid.
Amplite-like granites are leucocratic, fine-grained grayish
pink and pink granites of amplite-like texture and massive
structure that are characterized by low biotite content.

Our measurements did not reveal significant changes in
the coefficient of thermal conductivity of granites depend-
ing on texture. According to the given data of numerous ex-
periments in Adit 1, the thermal conductivity coefficient of
granites and pegmatites fluctuated within a narrow range:
from 2.76 to 3.13 W/(m*K) making up 2.94 W/(m*K) on
average. This is apparently explained by the relatively con-
stant mineralogical composition that includes plagioclase
and oligoclase (40-70%), quartz (30-35%) and microcline
(up to 20%) or amphibole (0.2—4.0%). A great influence on
the coefficient of thermal conductivity of granites is made
by the their biotite content, which sometimes reaches 40%,
resulting in a decrease of the coefficient down to 2.47 W/
(m*K) (point 6 in Table 1).
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Figure 4. The thermal conductivity coefficient of the rock
mass in Adit 1000 depending on the degree of moisture
saturation for different rock types.

Pegmatites are characterized by rich content of micro-
cline (60-80%). The rest of the minerals have the following
composition in pegmatites: quartz, 20-30%; plagioclase and
albite oligoclase, 10-20%; biotite, 1-2%; and muscovite,
up to 5%. At the same time, the thermal conductivity coef-
ficient of pegmatites is almost equal to that of granites rang-
ing from 2.82 to 3.13 W/(m*K), with an average of 2.97 W/
(m*K).

The results obtained by field measurements of the thermal
conductivity coefficient for the granite mass in Adit 1 agree
well with the results produced by the laboratory investiga-
tions into the drill cores obtained from the boreholes. Ac-
cording to the laboratory studies, the mean thermal conduc-
tivity of granites and pegmatites is 3.11 W/(m*K) with the
mean values of the volume weight of the structure equaling
2.63 g/cm’ and the gravimetric moisture equaling 0.3%.

The Vilyuy HEC-III

The construction site of the Vilyuy HEC-III is located
at the middle reaches of the Vilyuy River, 1.5-2 km above
the mouth of the M. Botuobiya River. The area where the
dam of the Vilyuy HEC-III is constructed is characterized
by a complex geological structure. This structure contains
the Upper Cambrian sedimentary rocks represented by two
suites (Ilginskaya and Verkholenskaya) and covered with
an intrusive sheet of Triassic dolerites. Insufficiently strong
marls and argillite clay are dominant as well as dense, very
hard, thin-bedded, and massive limestone and dolomites.
These rocks in their natural occurrence are interstratified,
forming interbeds and members of varying thickness. The
marls often contain gypsum crusts and veins that are dif-
ferently oriented and have an irregular shape. All the rocks
have fissures of different shape and direction most of which
are filled with ice.

The field measurements of thermophysical properties of
the rocks at the dam base of the Vilyuy HEC-III were car-
ried out in Adits 1000 and 1001, which were made in the
landslide sediments (Layer 12) at the slope on the left bank
of the Vilyuy River. Approximately 150 measurements of
thermal conductivity coefficient of rocks in their natural
arrangement were made during the summers of 1979-80.
At the same time, the moisture content and the volumetric
weight of the rocks were measured in the adits. The mean
temperature of the adits was 3°C below zero.

The measurements revealed that the rocks of the dam
base in their natural occurrence are in the state of complete
water saturation. However, the near-wall zone in the adits
was somewhat dehydrated after it was drilled. The degree of
moisture saturation of the rocks sometimes reaches only 0.3.
This allowed us to draw a graph of the coefficient of thermal
conductivity of rocks in their natural occurrence against the
degree of moisture saturation U=W/W, (Fig. 4) (W — the
current moisture content; ¥, — saturation moisture).

Function M(U) is represented by a concave curve (i.e.,
as the degree of moisture saturation of the rocks increases,
their coefficient of thermal conductivity increases), which
is apparently explained by the developed network of micro-
pores. The A(U) function curves presented in Figure 4 for the
major rock types at the dam base of the Vilyuy HEC-III in
Layer 12 under the negative temperature (about 3°C below
zero) are approximated by the following electric ratio:

A=D+KU?® when 03<U<I, (6)

where D, K and 3 are empirical parameters for values of dif-
ferent rock types presented in Table 2.

Fissured rocks exhibit a low coefficient of thermal con-
ductivity irrespective of their type (within the range from
1.5 to 2.0 W/(m*K)). They do not reveal any distinct depen-
dence of the thermal conductivity coefficient on the degree
of moisture saturation. This is perhaps linked to the fact that
the coefficient of thermal conductivity of fissured rocks is
influenced more by the size of air voids than by the air po-
rosity when the pores are uniformly distributed in the rock
volume.

Conclusions

The areas where northern dams are constructed are usu-
ally characterized by a complex geological structure, and the
construction process usually involves the upper horizons in
the zone of rock weathering and rock fracturing. The only
acceptable research method in this case is to measure the
thermophysical properties of the rock mass by probe meth-
ods directly in the mines and adits.

The method of a short cylindrical probe proved to be the
most suitable probe method among the well-known ones
that can be used to measure thermophysical properties of
frozen ground mass and bedrock in mines and adits. It is
accounted for by the practical convenience of its insertion
into the examined mass of hard materials. The low ratio of
the probe length to its diameter (equaling 5) makes it pos-
sible to apply standard drill bits with carbide and diamond
tips to make holes for inserting the probe in a hard mass.
The method of a short cylindrical probe demonstrated its
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key advantages when employed under challenging field con-
ditions. Such probes exhibit a sufficient degree of accuracy
in measurements, are simple to use under harsh industrial
conditions, and are rather resistant to mechanical exposure.

Short cylindrical probes were utilized in measurements
of thermophysical properties of rocks in the adits of dam
bases of the Vilyuy HEC-III (1979-1980) and the Telmams-
kiy HEC at the Mamakan River (1985). The total number of
measurements taken in carbonate rocks of the Vilyuy HEC-
III was 150. Sixty measurements were made in the granite
mass at 10 points of the Telmamskiy HEC.

The measurements revealed that the granite mass is char-
acterized by a steady coefficient of thermal conductivity
fluctuating between 2.76 and 3.13 W/(m*K) and averaging
2.94 W/(m*K) when the volumetric weight of the structure
equals 2.63 g/cm®and the gravimetric moisture equals 0.3%.
It is shown that the results obtained in the field studies are
in good agreement with the values of thermal conductivity
coefficient of granites (equaling 3.11 W/(m*K)) obtained in
laboratory studies of the drilled borehole cores.

The field studies at the Vilyuy HEC-III comprise landslide
sediments (Layer 12) of the weathered zone. It is established
that the rocks of the dam base in their natural occurrence
are in a state of complete water saturation. However, the
near-wall zone of the adits proved to be in a somewhat drier
state, which yielded a coefficient of thermal conductivity of
rocks at the dam base depending on the degree of moisture
saturation within the range from 0.3 to 1.0. Fissured rocks
reveal a low coefficient of thermal conductivity irrespective
of their type (within the range from 1.5 to 2.0 W/(m*K))
and do not show any distinct dependence on the degree of
moisture saturation. This is explained by the fact that the
size of pores plays a more considerable role in this case than
the general volume of pores that are uniformly distributed in
the volume of rock.

The research established that the method of a short cylin-
drical probe plays an important role in thermophysical stud-
ies of rocks at the base of northern dams by preserving their
natural structure even though the rocks usually occur in the
weathered or fractured zone of constituent bedrock.

References

Blackwell, J.H. 1954. Transient flow methods for determi-
nation of thermal constants of insulating materials in
bulk. J. Appl. Phys. 25: 137-144.

Gavrilev, R.I. 1984. The method of a short cylindrical probe
for determination of thermophysical properties of soils
and rocks. IFZh. 17 (no. 5): 855-856.



92 TENTH INTERNATIONAL CONFERENCE ON PERMAFROST




Environmental Hazards on the Coastal Plains of Northern Yakutia
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Lomonosov Moscow State University, Laboratory of Geological Environmental Protection, Geology Department, Russia

Abstract

This paper presents the results of a study of modern permafrost-related hazards caused by climate variations on the
coastal lowlands of Northern Yakutia. The study employed remote sensing data and shows that activation of hazardous
processes is related to two factors. The first is the presence of a thick stratum of the ice-rich permafrost formed during
a negative temperature trend in the Late Pleistocene. The second is a negative-to-positive temperature trend change
during the transition from the Late Pleistocene to the Holocene, which triggered the destruction of ice-rich sediments.
In some cases, this process has been active throughout the Holocene, intensifying during short warming-periods
(coastal thermal erosion); in other cases, it was active exclusively during warm periods and under especially favorable
conditions (within negative morphological structures—thermokarst and thermal erosion). The current climate warming,
accompanied by a precipitation increase in Northeastern Yakutia, is related to this kind of warm period. It is caused
by frequent severe floods in the negative morphological structure in the middle course of the Alazeya River. This has
led to periodic flooding of vast areas including numerous villages. In the case of continuing warming, thermal erosion
and local thermokarst caused by flooding may intensify these extremely hazardous destructive processes. Based upon
aerial and satellite imagery obtained within a 50-year time span, the measured rate of coastal thermal erosion of the
New Siberian Islands reaches 5 to 7 m per year.

Keywords: acrial imagery; climate variation; environmental hazard; ice complex; thermal erosion, thermokarst hazard.

Introduction

The coastal lowland plains of Northern Yakutia (Yana-
Indigirka and Kolyma Lowlands) and the New Siberian
Islands are among the very few permafrost areas where
the traditional management of natural resources by native
northern peoples dominates. Such land management does
not lead to environmental degradation. However, natural
processes, including permafrost-related hazards which lead
to large-scale environmental changes, are widespread in
this area. In these coastal lowlands, which are underlain by
ice-rich permafrost, the natural environment (NE) is highly
sensitive to climate change.

Long-period climate changes caused by variations in the
Earth’s orbit during the Late Pleistocene glaciation created
favorable conditions for formation of the Ice Complex (IC)
in the vast plain of the East Siberian Arctic. This plain covers
an area from the edge of the shelf exposed at that time to
the mountain ridges of the Verkhoyansk-Kolyma region,
oriented latitudinally. The volumetric ice content of the IC
deposits forming the upper 30—50 m of the accumulative
coastal plain section is 70 to 95%. These deposits include
particularly thick ice wedges.

The same long-period climate variations caused warming
during the transition from the Late Pleistocene to the
Holocene (13,000-9,000 years ago), which triggered the
lake thermokarst. Deep (20-40 m) thermokarst depressions
seriously affected the coastal plain. In the same period, a
rise of sea level caused flooding of the coastal plain, which
started with flooding of the major thaw lake basins. Within
this period, which is short by geological standards (12,000—
7,000 years ago), 70 to 90% of the plain stretching for 700 to
1000 km from north to south and for 2000 to more than 2500
km from east to west was flooded, forming the modern shelf
seas: the Laptev, the East Siberian, and the Chukchi seas.

Thermokarst developed mainly within negative mor-
phological structures (Romanovskiy et al. 1999, Gavrilov
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2008). Within positive structures, the ice-rich coastal sedi-
ments were exposed to thermal erosion during the sea trans-
gression. In the recent couple of centuries, coastal thermal
erosion destroyed several islands composed of the IC in the
Laptev Sea and in the East Siberian Sea.

Low-temperature, thick, ice-rich permafrost formed during
the NE evolution in the Late Pleistocene/Holocene, and its
ability to degrade under the influence of climate and sea-
level variations, determine the present-day environmental
situation. However, the periodic thermokarst and thermal
erosion activation is due not to the long-period climate
variations, but to short-period ones taking place during the
long-period variations.

Methods

The study was performed using remote sensing materials.
The study of the coastal dynamics of the New Siberian
Islands was based on aerial and space images obtained over
a 50-year time span. For this purpose, the multi-scale images
of different years were accurately compared for the first time.
The comparison was performed using software developed
by ScanEx (ScanEx Image Processor 3.0). This software
allows for the spatial transformation of heterogeneous data
from different years without loss of image quality (pixel by
pixel). The New Siberian Islands aerial photographs taken
in 1951 were scanned in high resolution and superimposed
onto the Landsat & ETM+ satellite images (SI) obtained in
2001. The software ensured accurate quantification of the
coastal dynamics. Based on the SI panchromatic channel
spatial resolution (15 m), the error of the coastal retreat rate
estimates does not exceed 5—15% for the rate of 3 to 5 m per
year over the 50-year interval between the surveys.

In addition to the materials mentioned above, the SI
mosaics obtained from Google Earth.com and Kosmosnimki.
ru were used to study the changes in the natural environment
and permafrost-related hazards.
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Results and Discussion

Coastal geosystems are among the most dynamic of all
geosystems. Their environmental significance is indicated
by the study of the suggested liquefied natural gas
transportation project from the western sector of the Arctic
along the Northern Sea Route to Eastern Asia.

During the Holocene, the sea expanded onto the land
primarily through negative morphological structures, which
is reflected in the configuration of the modern coastline. The
negative features are represented by gulfs, bays, and straits;
positive ones are represented by islands, peninsulas, and
capes. This process of sea transgression accompanied by
thermal erosion of the ice-rich coastal sediments continues
today. An example is the Chondon Graben, including a bay
of the same name that is incised deeply into the land. In the
area adjacent to the bay, bottoms of numerous thermokarst
lakes are below sea level.

Coastal thermal erosion is most clearly evident in the
disappearance of the islands composed of IC. The last of
them (Figurin, Vasilevskiy, and Semenov islands) totally
disappeared in the first half of the twentieth century.
Currently on the brink of disappearance are Muostakh,
Makar, and Shelonsky islands (Gavrilov 2008).

The study of the coastal dynamics of Big Lyakhovsky
and Little Lyakhovsky islands using aerial and satellite
images from 1951 and 2001 made it possible to measure
the scale and the rate of change of coastline position along
its entire length and to determine the area reduction (Fig. 1,
Pizhankova & Dobrynina 2010). Comparison of these data
with coastline landscape materials and climate data enabled

us to identify the major factors affecting the rate of thermal
erosion, to classify the coasts on the basis of geological and
geomorphological structure, and to obtain the quantitative
parameters of thermal denudation of the coastal bluffs
composed of the IC.

The study showed that 46% of the Big Lyakhovsky Island
coast, 21% of Little Lyakhovsky Island coast, and 65% of
New Siberian Islands coast are affected by thermal erosion.
During the period from 1951 to 2001, the Big Lyakhovsky
Island area decreased by 27 km?, the New Siberian Islands
area by 36 km?, and the Little Lyakhovsky Island area by 2
km?, which is 0.5, 0.6, and 0.2%, respectively, of the area of
these islands. Coastal retreat rates can reach 5-7 m per year
and rarely 10 m per year. Considering the short warm season
duration at high latitudes, these rates should be considered
catastrophic.

The factors influencing coastal dynamics can be divided
into two main groups: (1) geological and geomorphological
and (2) hydrological and climatic. The first group determines
variations in the coastal retreat rates depending on the height
of the coastal bluff; the structure of the coastal section
determined by the tectonic features and the geological
history; the depth and the offshore extent of the underwater
slope; and the presence of shoals and tidal flats.

Hydrological and climate factors of the coastal thermal
erosion include the ice-free period duration; sea currents;
the strength and direction of winds and fetches; the sum
of positive air temperatures; snow accumulation; and
the radiation-thermal balance of the exposed surface of
coastal bluffs. The analysis of aerial and satellite imagery
and interpretation of measurements allows us to estimate
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Figure 2. River flooding in the mouth of the Sloboda River (left
tributary of the Alazeya River). Note the flooded meander lakes
and gullies at the banks of Alazeya River. Google Earth.com. July
17, 2006.

the role of these factors in the coastal dynamics. The New
Siberian Islands coastal retreat rates caused by the combined
action of these factors as well as the average rates of thermal
erosion for the retreating coastal parts are shown in Figure 1.

According to the reports of the Hydro-meteorological
Center of Russia, the current sea-ice conditions in the arctic
seas of Siberia have shown a significant decreasing trend in
the area of ice cover. Considering these data, we can assume
that the coastal retreat rates of the Eastern Arctic coast due
to thermal erosion have increased in comparison with the
studied period (1951-2001).

Arctic coastal bluffs that are composed of ice-rich
sediments are among the geosystems that are most sensitive
to contemporary changes in the natural environment. Other
areas where the modern warming can cause hazardous
natural processes are the negative morphological structures
composed of sediments of ice and alas complexes that
are formed in thaw lake basins. The high ice content of
soils combined with the area of poor drainage conditions
significantly increases the potential hazard for thermokarst.
The area around the upper and middle courses of the Alazeya
River, which is impounded by the Kisilyakh-tas ridge 500 km
from the mouth of the river, is one of the areas where such
a hazard is real. Here the initiation of thermal erosion and
thermokarst was triggered by disastrous spring floods that
continued during the entire warm period of the year. These
floods have become more frequent since the 1990s. They are
caused by climate warming as well as a long-term increase
in winter and annual precipitation. The negative role of this
hydrological process is enhanced by the occurrence of thick
permafrost that prevents infiltration of flood waters.

The hydrological characteristics (river slope, stream cross-

Figure 3. Andryushkino village in mid-September 2007. Photo by
L. Podgorny: http://gp-russia.livejournal.com/1031258.html.

section, and discharge capacity) of the Alazeya River, which
determine the valley bottom and surrounding drainage area,
are significantly worse than those of the adjacent Indigirka
and Kolyma rivers. The winter precipitation increase
(by 4-6% compared to the normal) caused deepening
and expansion of the thermal erosional network linking
numerous thermokarst lakes with the river. It also caused
an annual spring water level increase in lakes, resulting in
floods and the concentration of huge masses of water in the
Alazeya River valley and in the mouths of its tributaries
(Fig. 2).

The villages of Andryushkino, Argakhtakh, and Svatay
are located in the zone considered to be hazardous because
of flooding. In 2007, the flooding of Andryushkino lasted
until the beginning of the winter season (Fig. 3). Frequent
floods convinced the government of Yakutia of the need
to take protective measures, including relocation of the
settlements. Up to 80% of hayfields and reindeer pastures
are also subject to long-term floods.

The area of prolonged flooding led to an increase in
the active layer thickness from 0.6-0.75 m to 0.8-1.2 m
(Gotovtsev et al. 2008). In Andryushkino village, the thaw
depth reached 1.5 m. It triggered ground ice degradation and
extensive local thaw settlement accompanied by formation
of thermokarst ponds. The thaw settlement is particularly
intense in the territory of Andryushkino village. River
thermal erosion activity significantly increased everywhere.
In Andryushkino village, the riverbank retreated by 50 m
within a five-year period. The increase in solid flow leads to
an even greater narrowing of the riverbed and reduction in
its discharge capacity.

It should be emphasized that the activation of local
thermokarst and thermal erosion in the middle course of the
Alazeya River is a result of natural climate dynamics. Major
transformation of the Yakutia coastal lowlands topography
by widespread development of thermokarst was completed
9,000-8,000 years ago (Kaplina 1987). After this period,
thermokarst activation in this region occurred repeatedly.
This is indicated by numerous dates of late Holocene
sections of alas peat bogs on the coastal plains of Northern
Yakutia. Thus the warming periods causing thermokarst
activation occurred repeatedly during the Holocene.
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Moreover, the topography of alas plains, widespread on the
coastal lowland, was formed not only by IC thermokarst,
but also by the alas complex thermokarst, which occurred
repeatedly. All alas plains without exception are located
within the negative morphological structures (Romanovskiy
et al. 1999, Gavrilov 2008).

Conclusions

1) Thick permafrost strata and their high volumetric ice-
content in the upper horizons that may exceed 70%
are the main features of the natural environment of the
Northern Yakutia coastal lowlands. These conditions
determine the high risk of permafrost-related hazards
that affect the natural environment. The formation
of such strata (IC) was associated with a negative
temperature trend in the Late Pleistocene under the
influence of climatic fluctuations caused by variations
in the Earth’s orbit.

2) Accumulation of the ice complex during the epoch of
the transition of the climatic trend from negative to
positive determined the activation of thermokarst and
thermal erosion, which transformed the topography of
the IC coastal plains. Most of the territory of the Late
Pleistocene plain flooded during the Holocene sea
transgression.

3) Thermokarst and thermal erosion determine the present-
day environmental conditions as well. These processes
occur during short-term warming periods (including the
contemporary one) and, apparently, only in negative
morphological structures. It is most probable that the
thermal erosion of ice-rich coastal sediments evolved
throughout the Holocene with the periods of activation
related to short-term warming periods. Currently, the
rate of coastal retreat reaches 5 to 7 m per year.

4) The local thermokarst in the Alazeya River valley can
evolve if modern warming continues. Thermokarst
was activated repeatedly in this area, as indicated by
numerous late Holocene dates of alas peat bogs on the
coastal plains of Northern Yakutia.

5) Catastrophic floods in the middle course of the Alazeya
River are caused by modern climate change. The
continuous permafrost extent prevents the infiltration of
flood waters.
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Main Features of Urban Pedogenesis in Permafrost Areas
(Case of Yakutsk City)
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Abstract

The properties of permafrost soils of Yakutsk and similar soils of neighboring areas are compared (TOC content, pH,
electrical conductivity, and carbonate content). The influence of vegetation type, the position in mesorelief, and the
elementary urban landscape type upon the distribution of soil properties with depth and their values in root zone are
analyzed. It is shown that the relative variability of organic carbon and carbonates in urban soils is affected mostly
by the type of elementary urban landscape and the type of ecosystem, whereas the attribution of soils to the form of
mesorelief determines the character of change in more labile properties such as pH and electrical conductivity.

Keywords: permaftrost soils; urban pedogenesis; urban soils; urbanization.

Introduction

Yakutsk, the largest city in Northeastern Russia, is
located on the first and second terraces of the Lena River.
This region is characterized by the presence of permafrost
as well as extra-continental climate. The average annual
temperature in the vicinity of Yakutsk is -9.3°C, the sum of
growing degree days is 1578°C-days, annual precipitation is
238 mm, and humidity factor is 0.4—0.5 (Elovskaya 1987).
Being formed under these conditions, urban soils undergo
specific changes that are not typical for soils of large cities
in non-permafrost areas.

Different authors point out the following specific
modifications of soils of large cities of European Russia
in comparison with natural soils: enrichment in organic
carbon, alkalinization, salinization, increase in content of
exchangeable calcium and magnesium on the soil adsorption
complex (SAC) (Zelikov 1964, Obukhov & Lepneva 1990,
Agarkova 1991, Stroganova 1998, State of... 2000). The
main factor determining the nature of these transformations
is the attribution of soil to a certain type of elementary urban
landscape (Kasimova 1995). There are virtually no data on
the urban soils in permafrost areas of Russia.

Modified surface horizons of soils in Yakutsk and their
natural analogues were studied in order to investigate the
changes of soil properties and regimes under the influence
of urban pedogenesis. In order to do this, an assessment of
urban soil modifications in different ecosystems (forests
and grasslands) was carried out. Properties and regimes of
soils formed on lower and higher forms of mesorelief were
also studied, and the dependence of soil parameter changes
on the type of land use or the attribution of the territory to
different EUL (recreational, residential, and transportation)
was determined. The organic carbon content, pH level,
the content of soluble salts (estimated according to the
electrical conductivity of water extract 1:2.5), and carbonate
content were tested in the laboratory. In order to identify the
dominant factor of modification of labile properties of the
studied soils, the comparison of relative changes of average
values and the coefficient of variation were performed for
different soil properties.
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Soils of the Yakutsk vicinity are characterized by high
complexity due to this area’s location on the terraces and
in the floodplain of the Lena River. This complexity is
also due partially to some features of the parent materials,
the influence of permafrost, and related features of the
hydrothermal regime. The soil cover consists of various
types of alluvial soils and their evolutionary series.
Chernozem-like, alluvial, and sod soils, as well as their
variations, are presented in the places with grass vegetation
on various elements of mesorelief. Elevated parts of terraces
are occupied by forest ecosystems where permafrost pale
soils have developed under the forest vegetation.

Permafrost, widely developed in the region, has a
great influence on soil formation as an additional local
factor. Both natural and urban soils are characterized by
the occurrence of cryogenic features in their profiles.
Morphologically, these features are reflected (1) in a specific
permafrost soil structure, especially in the lower horizons,
(2) in the presence of tongue-shaped humus and mineral
horizons, as well as the features of the soil churning caused
by cryoturbation processes, and (3) in morphologically
visible suprapermafrost cryogenic accumulation of various
chemical compounds in the form of spots, stripes, flows,
etc. Permafrost soils are also characterized by specific soil
regimes: temperature, water, salt, air, and nutrient regimes
(Elovskaya 1987).

Results and Discussion

Modification of organic profile

Humus thickness in natural soils varies from 20 to 53 cm,
and organic carbon content in upper horizons varies from
2.1 to 5.3% (prevailing values are 2.2 to 3.3%). In natural
soils, all types of TOC distribution with depth were detected
(Table 1). The soils underneath the pine forest (Section 1-1)
are the richest in organic matter (5.3% in the upper horizon)
having a shallow humus depth (19 cm) and regressive-
accumulative type of TOC distribution over the section.
Soils with 32—49 cm thick humus profile, with 2.1 to 3% of
organic carbon content in the upper part, and with a uniform
type of TOC distribution are forming under dry climate
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conditions on meso-elevations on sands and sandy silts
underneath dry-steppe meadows. Additional moisture in
the soil profiles in lower terrain creates optimum conditions
for humus formation. The thickness of horizons A+AB
is 53-56 cm under an evenly accumulative type of TOC
distribution and the TOC content in upper horizons of 3 to
4.5%.

Inthe cities, the humus status of soils changes ambiguously.
We could detect a 0.1 to 0.3% increase in organic carbon
accumulation in root zones, especially in the upper part,
whereas the spatial irregularity of the parameter (variability)
rises rather sharply (Table 2). Thus in comparison with
natural analogues the soils of Yakutsk show only slight
initial stages of the humus formation intensification. This
is related to a moderate degree of human impact within a
relatively small city. Yakutsk is a relatively young city (370
years old) with a low rate of emission load (low level of
industrialization) and a low population of 268,000.

We can clearly trace the influence of the EUL type on the
changes in organic carbon content in the upper horizons. For
the forest soils of the recreational zone, the decrease in TOC
content by 2.2% was observed. In the soils of city mini-
parks, an increase in TOC content is significant (2.1%),
whereas no noticeable changes were observed in roadside
areas.

The increase in trend of TOC content in the root zone is
traced in urban soils of grass ecosystems, which is related to
the change of the herbaceous layer, the pollution by carbon-
containing compounds, and direct human impact (Table 2).

The organic profile of soils of the meso-depressions are
more affected by the city influence, whereas the soils of
meso-elevations virtually do not react to the city “pressure.”
The maximum accumulation and the spatial heterogeneity
of organic carbon content in the soils of meso-depressions
are associated with the upper 10-20 cm layer.

Thus the direction of the organic profile modification in
the city depends on the type of vegetation and the type of
EUL, whereas the intensity of this process depends on both
the ecosystem type and the soil location in the mesorelief.

Effect of city conditions on the pH level and carbonate
content in soils

The pH level of natural soils ranges from 6.8 to 8.3,
increasing from the surface to the middle part of the soil
profile (towards the horizons of the accumulation of CaCO,)
and decreasing below that. The carbonate content usually
varies from 0.3 to 6.1%, but in some cases no carbonate
accumulation was detected. The peculiarities of the water
regime of soils in forest ecosystems (Section 1-1) make
them less alkaline (pH 6.8 to 7.7) with minimum carbonates
(0.3%) compared to the soils of grass ecosystems. The
soils of the grass ecosystems located on meso-elevations
have lower pH (7.2 to 7.8) than the soils located in meso-
depressions (7.2 to 8.3). In the same landscapes, carbonates
are accumulated in amounts of 0.9 to 1.6% and 1 to 6%,
respectively.

CaCO, content in the profile of urban soils ranges from
1.0 to 4.3%, whereas pH ranges from 7.1 to 8.5 units.
Maximum values are confined to the horizons of carbonates
accumulation which are located in either the upper or the
middle parts of the profile. Changes of CaCO, content and

pH level under the influence of the city impact are differently
directed and are determined by the type of ecosystem, the
initial condition of the soil, and mainly by the type of land-
use or EUL.

In the soils of the recreational zone (Section 1), no changes
of soil water pH were observed; however, the tendency of
CaCO, migration was traced down the profile. Two factors
contributed to this tendency. First, the characteristics of the
ground water regime underneath the forested areas and the
increasing active layer thickness due to the soil temperature
increase in the city. Second, there was low atmotechnogenic
(determined by interaction of the atmosphere with
engineering structures) contamination of such landscapes
by calcium-containing dust (Ecogeochemistry... 1995, State
of... 2000). Lack of carbonates in the upper part of the soils
underneath forest vegetation in cities located in the steppe
zone has been mentioned by other authors (Bezuglova et al.
1997, Butova et al. 1977).

Opposite processes, whose direction depends on the type
of land-use, occur in soils of grass ecosystems under urban

impact. The changes in CaCO, content and pH level have
not been detected in soils of city mini-parks, whereas the
accumulation of carbonates in the upper horizons by 0.3-
2.5% and pH increase by more than one unit have been
registered in roadside soils. The main reason is the use
of materials containing carbonates for road and building
construction.

Only the statistically uncertain trend of alkalinization by
0.5 pH with a slight increase of the spatial variability and
the tendency of the carbonate content to increase (from 0.4
to 0.6%) has been traced in the root zone of soil horizons
under the influence of urban pedogenesis (Table 2). The
most intense changes occur in the soils of roadside areas.

Forest soils show a more significant increase in pH and its
spatial variability than soils in grass ecosystems (Table 2).
Alkalinization of the upper horizons has been registered for
the sections of soils located both on meso-elevations and in
meso-depressions.

No changes in the carbonate content under the influence
of urban pedogenesis have been observed in the root zone
horizons of urban soils of grass ecosystems. As for the
forest soils, the trend of increasing average value (by 0.4%)
and spatial variability (by 30%) of carbonate content was
clearly detected. These differences are due to the degree
of anthropogenic impact (EUL type) and some changes
in ground water regime characteristics of the areas with
various kinds of vegetation. Urban soils of meso-elevations
have a general tendency for an increase in carbonate content,
whereas the soils of meso-depressions are characterized by
downward migration due to changes in the hydrological
regime.

Comparison of the relative changes in the pH average
values and variability in the root zone horizons between
urban soils and natural soils shows that the influence of the
ecosystem type is insignificant, whereas the effect of the
mesorelief form significantly affects the relative change
of the spatial variability. Regarding the carbonate content,
the roles of parameters are entirely opposite: the ecosystem
type has the greatest influence, while the effect of mesorelief
is less significant. In this case the main role is played by a
particular type of EUL that the soil belongs to.
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Table 1. Properties of the soils of Yakutsk and its vicinity (key sections).

# of . Soil Depth, pH, TOC, | EC,mS/ | CaCO,,
EUL type section Soil type horizon cm units % cm %
I-II terraces, forest ecosystems
A 5-10 7.3 3.1 0.43 -
iti AB 10-22 7.5 0.3 0.13 -
recreational (park) 1 permafrost pale.a gray transitional
underneath a pine forest BCf 22-61 7.4 0.0 0.09 -
C 61-98 8.4 0.0 0.20 091
A 1-19 7.3 53 0.62 -
) permafrost pale gray transitional i i
natural analogue 1-1 underneath a pine forest Bfg(Ca) 19-75 7.7 0.8 0.32
C 75-105 6.8 0.1 0.08 -
Abandoned floodplain, meso-elevations, meadow ecosystems
. . - permafrost meadow chernozem-like, Au 0-10 7.5 3.9 1.65 -
residential (mini-park) |2 .
shallow-modified A 10-20 7.1 40 1.77 -
A, 0-29 7.2 2.1 0.05 -
permafrost meadow chernozem-like AB 29-49 7.4 1.4 0.04 -
natural analogue 2-1
(20-year-old) BC 49-60 | 7.7 - 0.04 -
Cg 60-126 8.6 - 0.07 -
3 permafrost alluvial sod chernozem-like, Au 0-10 7.9 2.3 0.24 2.55
shallow-modified Au 1020 | 8.1 1.8 0.19 1.01
transportation (roadside A 4-14 7.4 22 0.16 -
arca) 4 permafrost alluvial-sod, shallow- ACl 14-49 7.7 0.6 0.17 -
modified AC2 | 4965 | 85 0.4 0.46 -
C 65-96 7.6 0.1 0.11 -
A 0-32 7.4 24 0.18 -
BlCa 32-66 7.8 1.6 0.24 1.63
3,4-1 |permafrost alluvial sod chernozem-like
B2 66-103 7.7 0.9 0.29 -
natural analogue C 103-107 0.38 -
A 2-15 7.3 2.3 0.24 -
3,4-2 |permafrost alluvial sod chernozem-like AB 5-34 7.0 0.8 0.17 -
BC 34-107 7.1 0.7 0.14 -
Abandoned floodplain, meso-depressions, meadow ecosystems
Ag 6-18 8.5 24 0.76 1.66
transportation (roadside 5 permafrost alluvial sod gleyey, shallow- ABg 18-32 35 20 047 427
area) modified
BCg 32-97 8.2 0.5 0.30 -
A 3-30 7.3 3.0 0.44 0.71
natural analogue 5-1 permafrost alluvial sod AB 30-53 7.4 1.6 0.36 -
BC 53-98 7.2 1.0 0.34 -
residential (mini-park) |6 permafrost meadow chernozem-like Au 0-10 7.1 6.7 8.85 -
p salinized, shallow-modified Au 10-20 7.4 6.8 0.97 -
Adsa 0-4 7.2 4.5 12.6 2.30
Asa 4-23 7.3 4.2 1.38 1.76
permafrost meadow chernozem-like ABcag | 23-38 8.3 2.1 1.08 6.14
natural analogue 6-1 ..
salinized Bcag | 38-56 7.6 1.6 1.11 5.64
BC Ca,g | 56-107 7.8 - 0.52 1.09
Cg 107-160 7.6 - 0.66 -
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Table 2. The influence of the main factors upon the change of urban soils properties in comparison with their analogues

. TOC, % pH, units ES, mS/cm CaCO3, %
actor
AXavr ACV AXavr | ACV AXavr ACV AXavr ACV

Urban pedogenesis 0.1 18 0.5 0.0 -80 0.2

forest -2.2 0.9 0.4 125
ecosystem type

meadow 1.5 -71

elevations 0.4 -92
position in mesorelief

depressions 0.6 36 -14 0.5

Note: AXavr — deviation from the mean value of the properties of urban soils in comparison with their natural analogues;
ACYV — deviation of the variation coefficient of the values of urban soil properties in comparison with natural soils;

insignificant parameters are omitted.

The content of soluble salts in the city soils and their
analogues

According to Elovskaya (1987) and Savvinov (1989),
saline soils are widespread in the valley of the Lena River.
The causes of salinity are the following: dry and extra
continental climate; the presence of permafrost, preventing
sufficient leaching of salts out of the soil stratum; salinity
of the parent material; and the general hollow topography.

Electrical conductivity in natural soils ranges from 0.04
to 12.6 mS/cm. Most of the soils belong to the category of
non-saline (EC=0.2-0.8 mS/cm) ones. Strongly saline soil
is only that in Section 6-1 in the upper level with electrical
conductivity of 12.6 mS/cm, which is associated with the
soil’s position in the relief depression. The type of salinity
is defined as the chloride-sulphate and sulphate-magnesium-
calcium.

Most of Yakutsk soils are not saline: EC value ranges from
0.09 to 8.85 mS/cm (dominating values are 0.25-0.70 mS/
cm). The changes of soluble salt content in urban soils in
comparison with natural landscapes are determined by their
initial characteristics, position in the relief, and EUL type.

The soils underneath forest vegetation (Section 1) are
characterized by the trend of desalination of soluble salts
(EC for a meter-thick test soil stratum was 0.32 to 0.62 mS/
cm, whereas in the recreational area of the city it is 0.13
to 0.43 mS/cm). This is due to an increase in precipitation
and the active layer thickness in urban areas. No significant
changes can be detected in the accumulation of soluble salts
in urban soils located on the meso-elevations of the relief.
The most intensive downward migration of soluble salts
was registered in the soils confined to low-relief elements.
Urbanization can contribute to soil desalination in the case
of an initially high salt content. Thus on the territory of a
mini-park (Section 6) in the upper soil level, ES amounted to
8.85 mS/cm, whereas in the natural analogue it was 12.6 mS/
cm. The electrical conductivity of roadside soils (Section
5) compared to the natural analogue increased from 0.44
to 0.76 mS/cm, which is due to increasing anthropogenic
pressure on these EUL.

No significant changes in the content of soluble salts and
its variability in the studied soil horizons of urban forest
ecosystems were detected. In grass ecosystems, a general
trend of desalination of the upper 10 cm of soil profile and
the accumulation of soluble salts at the bottom of the root
zone was registered. No significant changes in salt content

have been observed in the areas of meso-elevations in the
root zone of soils. In soils of meso-depressions, soluble salts
are moving into deeper soil horizons under the influence of
downward flow of groundwater.

In general, a trend toward a reduction of the soluble salts
content and desalination has been found in urban soils. The
intensity of this process is determined by the topographic
location and the initial soil salinity. EUL type has no
significant importance.

Conclusions

In the soils of Yakutsk, the direction and extent of humus,
carbonate, and salt content modification and the distribution
of pH depend on the initial state of soils, their attribution to
a certain EUL type, ecosystem, and the form of mesorelief.

The distribution of organic carbon, carbonates, EC, and
pH values in soil profiles virtually do not change under
conditions of low human impact, whereas under conditions
of the increased impact a multi-directional modification is
observed.

The type of elementary urban landscape plays a main role
in producing changes in organic carbon content, pH level,
and content of carbonates. Distribution of soluble salts
under urban conditions is mostly affected by the location in
mesorelief.

The most significant modification of soil properties was
detected in the 0-20 cm layer. In contrast to the urban areas
of the taiga zone, no proven changes in a number of soil
properties have been observed in Yakutsk.

The attribution of soils to a certain type of ecosystem
determines the maximum relative change in organic carbon
and carbonate content in urban soils compared to natural
soils, whereas their attribution to the mesorelief form
determines the variability of the pH and EC values.

We suggest that in some areas of Yakutsk that have not
experienced an intensive human impact, the “humidification”
of landscapes is possible in contrast to “aridization,” which
has been observed in urban soils of the taiga zone.
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Critical Coefficients of Stress Intensity
of Frozen Soils with Natural Structure

S.G. Gevorkyan
Fundamentproekt Open Joint-Stock Company, Moscow, Russia

Abstract

The results of experimental determinations of the critical stress intensity coefficients K., of frozen soils with natural
structures are discussed in this paper. These coefficients were determined for the first time. The experiments were
performed at different negative temperatures for soils with varying moisture contents.

Keywords: destruction; frozen soil; natural structure; stress intensity coefficient (SIC); thermal-contraction cracks;

viscosity.
Introduction

Thermal-contraction cracking (or frost cracking) of
frozen soil and the resultant formation of patterned ground
are widely developed both in the permafrost area and in
the zones of deep seasonal freezing of soils. This process,
caused by thermal contraction of the ground massif as a
result of chilling, is frequently responsible for damage
to building foundations, underground reservoirs, road
pavements, railroad cuts, slopes and embankments, earth
dams, airfield pavements, pipelines, communication cables,
and other structures.

Thermal-contraction cracking is particularly intensive
under arctic climatic conditions. Thermal-contraction cracks
frequently predetermine the basic features of landform
development. They often trigger erosional and landslide
processes and lead to deep ground freezing and irregular
moisture distribution caused by changes in the hydrothermal
regime of soil. The cracks contribute to denudation of
unconsolidated soil from slopes because they serve as
zones with especially intensive weathering. Thawing of
wedge ice formed in thermal-contraction cracks may lead to
active thermokarst or gully formation, and therefore may be
hazardous to the stability of engineering structures.

Therefore, the need to study thermal-contraction cracking
is closely associated with the impact of this process on
engineering structures and its important geomorphic role.

Thermal-contraction cracking occurs as temperature
stresses develop in the frozen ground as the temperature at
the surface decreases. Cracking in the initially continuous
(without any cracks) ground occurs if the temperature
stresses in it reach the frozen ground tensile strength (Broek
1980, Grigoryan et al. 1987). The further propagation of
thermal-contraction cracks into permafrost is defined by the
stress concentration in the tip of the crack.

The stress intensity coefficient (SIC) is one of the
important characteristics of the stress near the crack tip. If
two bodies containing cracks have similar stress intensity
coefficients, then the stress near the crack tips will be similar
in both cases. According to Griffiths-Irwin’s criterion, the
crack starts developing when the stress intensity coefficient
in the crack tip reaches some critical value (Broek 1980,
Grigoryan et al. 1987). This value is a physical constant of
the material and is called a critical stress intensity coefficient,
or a coefficient of viscosity of destruction. The K, symbol is
used to designate the critical SIC for ruptures.
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The quantitative forecast of basic parameters of thermal-
contraction cracking has gained more value due to the active
economic development of the Arctic. These parameters
include location of cracks, distances between cracks, and the
depth of their penetration into permafrost. However, such
forecast is impossible without the determination of strength
characteristics of frozen ground, the K. value in particular.

Grechishchev, together with Aksyonov and Sheshin,
previously defined the critical SIC K. based on remolded
specimens of frozen soil (Grechishchev et al. 1980, 2000,
Grechishchev & Sheshin 1971, 1974, Sheshin 1974, 1975).
Thecritical SIC K, . values for snow were given by Epifanov
(2006), Epifanov & Yuriev (2006), and Epifanov & Osokin
(2009, 2010). However, the critical SIC K. values for frozen
soils with natural structure have not been defined so far.

We were the first to carry out an experimental study and
to determine the critical SIC K. values for frozen soils with
natural structures. Tests were performed on sand, sandy silt,
silty clay, and clay at temperatures -1°C, -1.3°C, -3.5°C,
-7.5°C, and -12.5°C (Gevorkyan 2011).

Methods

Frozen ground monoliths (cores) were sawed into disks 30
to 50 mm high for further specimen preparation and testing.
Special samples for the laboratory determination of physical
properties of soil were taken from each monolith.

We used the method of bending a two-point beam with
a cut to determine the critical stress intensity coefficient
(coefficient of viscosity of destruction coefficient). The
method is based on the measuring of the force causing
the destruction of the specimen. So we cut out small
bars (parallelepipeds) from the discs of frozen ground
to experimentally determine the critical stress intensity
coefficients. For this purpose, the bars were sawed with a
thin hacksaw blade from the frozen monoliths. Then these
bars were finished with the help of an angle bar and a thin
knife to ensure parallel planes and the correctness of the
geometry of the produced parallelepipeds. Afterwards, a
small cut several millimeters deep was made across one of
the long parallelepiped planes (Fig. 1).

All operations for specimen production were carried
out at negative temperatures in specially equipped walk-in
freezers.

The ANS device designed by Krivov (2009) was used as
a test machine. The pressure was produced by a pneumatic
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Figure 1. Scheme of specimen loading.

system controlled by a PC with special software. The
technical capabilities of the ANS device and the stress
control algorithms allowed us to set and maintain constant
load within the range from 4 to 650 kg (the accuracy of the
loading is 0.15 kg). This device allows us to monitor the
specimens’ deformations, load and temperature in the real-
time mode. All test information is preserved in the computer.

Before the tests, the ANS device were placed into a walk-
in freezer and kept there for at least 24 hours at the same
negative temperature at which the tests were supposed to be
performed.

Two supports 10+1 mm high were placed under the
specimens (bars) to conduct tests. The load was applied to
a specimen via a metal roll 10+1 mm in diameter, installed
across the specimen at equal distances from the supports.
A pneumatic system rod was connected to the loaded roll,
and the load was smoothly increased until the specimen is
destructed (Fig. 2).

Results and Discussion

We determined the critical SIC K, based on the tests
results. Its value was estimated according to the following
equation (Broek 1980):

0,5 1,5
k=P Lo (M ae (1)
ab” b b

2,5 3,5 4.5
18] —are ] 4387
b b b

where P — breakdown load, L — distance between the axes

of the supports, a — specimen (bar) width, b — specimen

height, /# — initial depth of the cut. We obtained 65 values
of the critical SIC K, for frozen soils with natural structure
for different temperatures and different moisture contents.

These values are presented in our work (Gevorkyan 2011).

In general, we can make the following preliminary
conclusions on the basis of the obtained results.

1) All other conditions being equal, the highest critical
SIC K. value is typical of frozen sand, and the lowest
critical SIC K, value is typical of frozen clay.

2) With temperature falling, the critical SIC K. value of
all soils grows proportionally to the fourth root of the
absolute value of the frozen ground temperature:

K,.=C,-% ’T—be| ,  C, =const.

Figure 2. Destruction of specimen.

where 7 — ground temperature; 7' o —ground temperature at
the beginning of freezing; the constant C, depends on the
soil type and its total gravimetric moisture content ¥, .

According to our test data, this correlation is traced
for sands and sandy silts, at least until the temperature T
exceeds -12.5°C. The same dependence is observed for silty
clays until the temperature T reaches -2.0°C. With further
temperature decrease, the stress intensity coefficients K. of
clayey silt quickly grow in a linear fashion (Figs. 3, 4).

We would like to note that, according to Grechishchev’s
and Sheshin’s data obtained on remolded specimens, with
the temperature decrease the critical SIC K. value grows
proportionally to the square root of the absolute value of
the frozen ground temperature. The following dependence
is observed (Grechishchev et al. 1980, 2000, Grechishchev
and Sheshin 1971, 1974):
K,.=K,- ‘T‘ , K, =const,
where the constant K, is defined by soil properties.

3) The SIC K. value for all frozen soils significantly
depends on the total gravimetric moisture content ¥, .
All other conditions being equal, the less the ground
moisture content, the lower the critical SIC K. value
for this soil. In other words, with W, tending to zero,
SIC K. tends to zero as well. There is always a specific
value of the total moisture content ¥, (about 30 to
40%) depending on the ground temperature and type
of soil, at which SIC K. of the frozen ground has
the highest value for the given temperature. With the
further increase in the total moisture content, the K.
value gradually decreases, finally reaching the value
equal to the critical SIC for pure ice at this temperature.

4) For comparison, according to Epifanov’s data (Epifanov
2006), the critical SIC of fresh river ice at temperature
T = -15°C makes about 0.104 to 0.105 MPa-m'?, at T'=
-17°C the SIC K. = 0.109 MPa-m'?, and at T = -24°C
the SIC K. is 0.145 MPa-m'?. According to Grechish-
chev’s data for uniform sandy silt (Grechishchev et al.
2000), K,. = 0.6 MPa-m'? at T = -3°C, and K. = 0.9
MPa-m'? at T=-8°C. In this case, such slightly higher
(in comparison with our data) values of K. coefficient
can be explained by the fact that Grechishchev and his
colleagues determined these coefficients based on the
tests performed on artificially remolded specimens.
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Silty sand W,,,=20.7-21.2 % ; sandy silt W,,=27.0 %

SIF K;c, MPa ' m"*

Ground temperature, °C

—@&—Test Silty sand  —i&— Calc.Silty sand

—&—Test Sandy Silt

Calc.Sandy Silt

Figure 3. Dependence of stress intensity coefficients K. on temperature for silty sand and silt.

Light clayey silt W,,=30.6-31.0 % ; heavy clayey silt W,,,=54.5-63.2%

SIF K¢, MPa ‘m"*
™ .. 0.4 ]
‘\.‘
2= :
-~ | -
~— J
\ . o
—— = 0.3
)l o
\ ~— d
T -
S,
Hrew 0.2 ]
\ — B - -
—r— [ T ]
Ground temperature, °C
T L) L) l L) L) T T L) T T L)
-12.0 - 10.0 -8.0 - 6.0

=— = Test Light clayey silt

Test Heavy clayey silt —— Calc.Light clayey silt —— Calc.Heavy clayey silt

Figure 4. Dependence of stress intensity coefficients K. on temperature for silt with some clay and silty clay.
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Interaction between Pile and Freezing of Frost-Susceptible Soil with Time (Taking
into Account Phase Change)

P.A. Gorbachev
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Abstract

This paper describes the problem of the interaction between pile and frost-susceptible soil with time, taking into
account variable freezing rate and viscosity. It is shown that these parameters significantly influence the values of
tangential frost heave stress at the pile-soil interface and the value of the total heave force applied to the pile.

Keywords: foundation stability; freezing rate; pile; rheology; soil freezing; tangential frost heave stress; total heave

force; viscosity.
General Considerations

A complex stress-strain state is created in the soil around
the pile as a result of freezing of frost-susceptible soil. The
cylindrical model was used to simulate pile-soil interaction.
That model consists of a pile with diameter 2a embedded in
a cylindrical domain of frost-susceptible soil with diameter
2b (Fig. 1).

To solve this problem, we assume that the pile is buried
into unfrozen soil (below the seasonal frost depth) to the
depth sufficient for frictional forces acting on the lateral
surface of the pile to compensate for frost heave forces.
Therefore, the pile is fixed because the total heave force
N,.... is balanced by the restraining force N . As a result,
for conditions of this particular problem, the equilibrium
of frozen and unfrozen parts of the soil-pile domain can be
considered separately (Fig. 1).

To model the freezing of the soil cylinder by approximate
methods, the task of heat transfer should be solved taking into
account phase changes during the freezing. By means of the
calculation for different moments of time, the temperature
distribution with depth of the domain (z coordinate) can be
obtained.

The temperature distribution along the active layer depth
is approximated by the linear dependence:

OC=z.t)=06, -|1——=__ |, 1
(=0 [ - (t)j ()

where 0, — constant temperature at the ground surface; z —

Sma)I ? ~ 0,

r
Z s(r) s

’Ea(Z)
dt - T (I') 0 ( Z)

% Nheave )

2a 1 Nes
2b

Figure 1. Geotechnical cylindrical model of the soil-pile domain
and its main design parameters for the freezing front position at

the maximum seasonal freezing depth.
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current coordinate within the active layer; d(t) — freezing
front location coordinate, varying on the basis of the
equation:

d, () = [B)-~z, @)

where t — time in seconds; [(t) — coefficient characterizing
the rate of freezing front penetration into the ground. The
definition of this coefficient is based on the solution of the

heat transfer problem and is approximated with the function:
z

L) = Lo -e”, (3)

where B — initial coefficient of the freezing rate; y —
coefficient which characterizes the rate of 8 change; §, and
¥, selection is based on the finite element solution of the heat
transfer problem.

The dependences d(t) for constant and variable B(t) can
be presented in the form of diagrams (Fig. 2).

The variable coefficient B significantly influences the
function of the freezing front coordinate d(t): Curve 2
grows more slowly than Curve 1 (Fig. 2). The freezing front
penetration into the ground slows down due to additional
energy consumption that is needed to overcome the ground
water phase changes occurring in a certain temperature
interval. This is the difference from the first case where all
phase changes occur at a constant temperature. The uneven
rate of freezing front propagation through the ground, which
is taken into account by variable B(t), significantly affects

0

Figure. 2. Position of the freezing front with time d_ for
1) constant coefficient  and 2) variable coefficient 3.
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the shape of the curves reflecting the heave rate of soil with
time. This, in its turn, affects the change in the tangential
uplift stress 1, and the total heave force applied to the pile
N, ... With time.

Major Relationships

Let us write down the rheological equation for frozen soil:

- T “)
7 G’
where Y, T — shear strain rate and rate of tangential stress;
T, T* — current and maximum tangential stress values
respectively; G — shear modulus; 1 — soil viscosity.
Only a viscous-plastic part of equation 4 is considered
in this work. Consequently, the following equation is
obtained:

7./:7,'—1' (5)

The shear strain rate depending on the heave rate and
the radius for the cylindrical model is the following (Ter-
Martirosyan 2009):

yods ©)
dr
As afirst approximation, the tangential stress t distribution
along the radius r can be computed from:

(b—1r)°
a(b_a)z’ @)

where T_— tangential stress at the pile-soil interface (at r=a;
see Fig. 1); a, b - pile radius and outer radius of the cylindrical
model (radius of influence of the pile) respectively; r -
current radius value, and re[a,b].

Setting 5 and 6 equal, and taking into account 7, we
determine the differential equation for the soil heave rate. Its
solution at r=b is the following:

T(r)y=r«c

. b—a(rz,
Sp = — —
n 3
It is known that soil viscosity increases as temperature
decreases. Based on the analysis of the test data (Roman
2002), the following expression for the approximation of
the soil viscosity 1 dependence on the temperature 0 is
suggested:

®)

_T*

17(0) =n,e"’ ©)

where n_— initial viscosity; 0 — temperature; k — coefficient
of proportionality.

Substituting equation 9 into equation 8, one can obtain
the expression for the soil heave rate in case of variable
viscosity.

Now we can define the heave rate of the soil outside the
pile impact zone. For this task, we assume that volumetric
deformation due to conditions of compression (c,=c,)
is accompanied only by elastic strains, according to the
equation:

G ¥ 29 | 350(2,0) (10

E, =& =
where ¢ — volumetric soil strain; o, — principal stress
components (i=1,2,3); K — volumetric strain modulus;
o —coefficient of linear soil expansion averaged for the
temperature interval |0_-0,| between the end and the
beginning of frost heave. Let us assume for this problem
that 0,=0, 0_=0,; 0(z,t) — temperature in a soil layer z defined
with equation 1 for the moment of time t.

Since the volumetric strain modulus K of soil
significantly increases in case of freezing, we assume that
(0,720,)/K<<300(z,t). Consequently, equation 1 will be the
following:

&g =3a0(z,t) (1)

Let us integrate equation 11 under the condition that
the temperature varies in accordance with equation 1.
The integration constant can be found with the help of the
boundary condition: s|_,=0. Consequently, we determine
the dependence for s(z,t):

s(z8) = —> a0, - (2, —= )
2 d, ()

Let us calculate the time derivative from equation 12 to
determine the heave rate:

. 3 2 p2x g2 2 1 1
s(t):——aﬂl-(ﬁo S y. —+ | 13
2 B, e At x 2t

(12)

where t>0.
Setting 13 and 8 equal, as a result of transformations we
obtain 1 (z,t):

ra(z,t):3«r*+2'

v 2f (11
Zbilael-(ﬂv).[ N ] (14)

e g 2
where t>0.

The total heave force acting on the pile is determined in
accordance with the expression:

N

heave

4,
= 2za .[Ta (z)d=z (15)
(0]

Substituting 14 into 15, as a result of integration we obtain
the following:

306,71 +
N eave = 27[‘1 1 1 (16)
' w3pe g |
-a ¥ 2t
If B=const, equations 14 and 16 transform into the

following (Gorbachev 2010):

2 2
Ta(Z,t)=3'T*+2' n a¢9~(ﬂ -z )(17)

4 b—aﬁ : -t

Nheave = 272'61[32'*ﬂ '\/; -+ 3776{01ﬂ2) (18)
2b—a

It is sufficient to substitute 9 into 14 to take into account the
dependence of soil viscosity on temperature. By integrating
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Table 1. Initial data.

Parameter n,, Pa sec k *, Pa a, 1/°C 6], °C 0,],°C 0,,°C B, X a,m | bbm | d,m

Value 3.3x101 | 0.4 0 2-10° 7.4 0 7.4 3.3X10% | 7X10° 0.2 1 2

’Ca,Pa

— 71=0.25m
b seeee 72=0.5m
e == 73=1m

emseme 74=1.5 m

e t]1=6 days
peeee s t2=18 days
=== t3=40 days 5
1 4=57 days 1x10
A-A-A t5=70 days

0 05 1 15 3 0 22100 4x10° 6x10°
a) b)

Figure 3. Tangential stress t, dependence (n(0)#const and B(t)#const): a) on coordinate z for the fixed time moments t, to t; b) on time t for
the points located at fixed depths z to z,.

t1=06 days “ Ta ] Pa
g b eeee e tD=18 days = 71=0.25m
e == £3=40 days bossse 72=0.5m

e === 73=1m

e t 4= 57 days g
ada t5=70days] 2X10 T

1x10° 1

0 05 1 1.5 2 0 2x10° 4x10° 6x10°
a) b)

Figure 4. Tangential stress t, dependence (n(0)=const and B(t)#const): a) on coordinate z for the fixed time moments t, to t.; b) on time t for
the points located at fixed depths z, to z,.

this expression along the coordinate z, we can obtain N less intensively in the case of constant viscosity n(0) than in

heave

for the condition of variable viscosity. These dependences the case of variable viscosity 1(0). Lower viscosity values
are not given due to their bulkiness. are observed at greater depths. Thus the soil at these depths
Let us discuss the example illustrating the use of the undergoes lower stresses. Comparison of the diagrams
obtained equations for the following initial data (Table 1). with t_change in time for different z values (Figs. 3b,
The diagrams of tangential stress distribution with depth 4b) shows that stress increase, especially at initial stages,
7,(2) for different moments of time and of tangential stress occurs more slowly when the variable viscosity is taken into
changes in time 7t (t) for different depths are shown in consideration.
Figure 3. Let us compare the t(z1t) curves at constant viscosity
For comparison, similar diagrams are drawn for different for the variable and the constant parameter . In both cases
conditions: 1) constant viscosity n and variable coefficient tangential stress value 1 decreases with depth z at various
f3; and 2) constant n and B (Fig. 4 and Fig. 5, respectively) fixed moments of time (t, to t,). However, the increase in
Comparison of the diagrams in Figure 3a and Figure 4a t, value (Fig. 4a) occurs at the soil surface (z=0) in case of

allows us to see that the tangential stress T, decreases with z variable B3, and the function t_ at the soil surface decreases in



110 TENTH INTERNATIONAL CONFERENCE ON PERMAFROST

T, Pa AT, Pa
e {]=6 days
peeee e t2=18 days z1=0.25m
6><105” Jr—— t3:40 dayS o 0000 0 Zzzo.sm
s t4=57 days 5 e = 73=1m
AAa £5=70 days 2x10° e 74=1.5 m
4x10° 1
A 1x10°]
23100 _ | ;
: ’_‘—-——-—--
.: /, o cm—
m : / —  {,sec
| ; n; - — 7—:—1—4—4¢—4—>
0 0.5 | 15 20 2x10° 4x10° 6x10°
a) b)

Figure 5. Tangential stress t, dependence (1(0)=const and B(t)=const): a) on coordinate z for the fixed time moments t, to t; b) on time t

for the points located at fixed depths z, to z,.

Nheave s N

........................ t,s
6 16 3
0 2x10 4x10 6x10
Figure 6. Total heave force N, time dependence for the cases: 1)
B(t) — variable and n=const; 2) (t) — variable and 1(0) — variable;
3) B(t)=const and 1(0)=const.

time in the case of constant 8 (Fig. 5a). At the same time, the
areas under all curves 1 (z) in Figure 5a are equal.

The tangential stress change in time also significantly
depends on the parameter 3. With variable (t), the tangential
stress function continuously grows (Fig. 4b), while the
curves in their shape follow the diagram for d(t) (Fig. 2,
Curve 2). With constant 3, the function 7 (z,t) increases in
the points located close to the surface, passes through the
extreme value, and then decreases (Fig. 5b, depths z1 and
72). At greater depths, the extreme value is leveled, and the
function smoothly increases up to some particular value
(Fig. 5b, depths z3 and z4).

According to the diagram N, () (Fig. 6), the
consideration of viscosity dependence n on temperature 0
in the case of the variable coefficient 3 provides a noticeable
reduction of the total heave force (in the example discussed,
more than twice).

With the constant coefficient B, the total heave force is
constant in time (see equation 18) and makes N, . =140 kN
(14.2t) in this case (Fig. 6, Curve 3). On the contrary, when

the freezing rate f3 is variable, the total heave force increases
with time, similar to what can be observed in reality (Fig. 6,
Curves 1 and 2).

Conclusions

1) Variations in the freezing rate parameter f3 significantly
influence the soil heave rate and, consequently, the
tangential heave stress t_ variation with depth and with
time. The total heave force grows with time when J is
variable, and remains constant when =const (at t*=0).

2) The consideration of variable viscosity 1 allows the
reduction of the total heave force acting on the pile,
because in this case the value of tangential stress
decreases with depth more intensively, and the increase
in t_with time at different depths occurs more slowly
in comparison with the case when this parameter is
constant.

3) Therefore, the variable soil viscosity 1 and the variable
soil freezing rate parameter § should be taken into
account in the analysis of stability of pile foundations
affected by frost heave.
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Physical and Mechanical Processes in Cryogenic Formations Associated with
Temperature Change

J.B. Gorelik
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Abstract

This paper describes the impact of internal stresses in the ground and deformation properties and the results and
interpretation of the following problems: cryopeg mineralization; position of the lower boundary of schlieren ice beds
in the permafrost masses; chemical composition of massive ice; and mechanisms of massive ice formation.

Keywords: cryopegs; deformations; freezing; injection ice; tabular massive ice; segregation ice; stresses.

Introduction

In the broadest approximation, purely thermo-physical
terms can be employed to analyze and describe the state of
water-saturated ground that is characterized by the balance
between its thawed and frozen parts and to analyze the ground
freezing and thawing processes. Such states and processes
are inevitably accompanied by the change in the stress-
deformed state of the ground, because significant power
factors are concentrated near the phase change boundary
where the water and ice densities are different. The solutions
for a number of tasks can be significantly supplemented or
changed considering the impact of this stress-deformed
state. This report discusses specific examples that illustrate
the correctness of this assertion.

Cryopeg Mineralization

The existence of cryopegs in permafrost sections can
be associated with the specific mechanism of massive
ice formation (Streletskaya & Leibman 2002), their
mineralization, and the chemical composition of the solution,
and taking into consideration the pore water genesis and
the paleotemperature reconstruction of the conditions of
permafrost formation (Fotiev 1997, Fotiev 1999). However,
analysis of the change in brine concentration inside a cryopeg
under the ambient temperature change occurs without regard
to the deformability and strength properties of hosting
permafrost. This can lead to certain errors in the obtained
results. As an example, we will describe the cryopeg in the
shape of a sphere with the radius R, at the initial negative
temperature #, and the initial salt concentration C,. Let the
ambient temperature fall to the value ¢ < #,. Part of the brine
should freeze in the process, the solution concentration
should increase, and the total volume of the system should
increase as a result of the difference in density of water and
ice. The main change of volume can occur only by means
of the surrounding ground due to very low compressibility
of water and ice. If the surrounding permafrost could not
be deformed, then the liquid in the cryopeg would never
freeze and the brine concentration would remain equal
to the initial value. The new equilibrium state in such a
rigid system is characterized only by the pressure increase
inside the cryopeg. The opposite case to the one described
above can be characterized by the probability of unlimited
deformations of the host ground with the conditions of the
pressure increase inside the cryopeg. A droplet of the brine
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in ice (micro-cryopeg) can be its real analogue. Since the
elastic limit of the ice is close to zero, its deformations are
quite well described by the flow diagram of a very viscous
incompressible liquid. In this case, with the temperature
reduction described, the solution partially freezes and the salt
concentration inside the cryopeg reaches a new equilibrium
value C. This value is defined by traditional methods and
without regard to the deformability of host ground. In this
case the final equilibrium pressure value inside the cryopeg
(droplet) will coincide with the initial one (Gorelik &
Kolunin 2002).

In natural conditions cryopegs are present in permafrost
(usually frozen sand) having deformation properties that are
far from both cases described above. Below, the calculation
results for elastic and elastic-plastic (the latter is more
realistic) models of frozen sand deformation are given.
The calculations are done with regard to the approaches
described in the work (Gorelik & Kolunin 2002) and with
the use of the methods discussed in the work (Sokolovskiy
1969). The required mechanical characteristics are taken
from Tsytovich (1973) at corresponding temperatures.
For the purpose of certainty, we will assume that the brine
consists of the NaCl salt only; C,= 35 kg/m’; t,=-1.9° C;
t=-7°C; R, is random. The traditional methods will give a
new concentration value C =110 kg/m’ in this case. We will
obtain the following in the case of elastic deformation of
sand: C=40.5 kg/m’; p,= 5.99 10" Pa (599 atm); R = 0.95
R, Here, p, R are new equilibrium values of pressure inside
the cryopeg and its radius (correspond to temperature ¢#=-
7°C). We will obtain the following in the case of elastic-
plastic behavior of frozen sand: C' ,=76.0 kg/m’; p, = 2.94 10"
Pa (294 atm); R = (.78 R. In both cases, the concentrations
differ significantly from the value obtained with the usual
method. Attention should be paid to extremely high values
of internal pressure in the cryopeg. When a cryopeg is
intersected by wells, the pressure should be quite quickly
released until the values close to the hydrostatic value at this
depth are achieved. Blowouts can occur at the well collar at
the initial moment of intersection. The water level should
be established close to the ground surface in the case of a
quite high R.

The example given assumes the unlimited length of the
ground mass in all directions. The deeper the cryopeg,
the more real is this assumption. The probability of stress
discharge at the surface should manifest itself while
approaching the ground surface: the closer to the surface,
the more accurate the calculation with the regular method.
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The deformation properties of permafrost should be taken
into account at least for the cases where the radius of the
plastic zone R, is smaller than the cryopeg bedding depth.
In the example given, R ~2.85R, Assuming that R, = 5 m,
this should be taken into account starting from the depth of
about 14 m.

It should be noted that in addition to chlorides, the
chemical composition of cryopegs in the Yamal Peninsula
contains also sulfates, bicarbonates, iron compounds, etc.
Their mineralization can reach 150 g/l. The methodology
for estimating the phase and water-ion composition in such
cryopegs is given in the literature (Komarov & Volkov 2007,
Komarov & Mironenko 2010).

Lower Boundary of the Ice Bed
in Permafrost Mass

Laboratory tests (Biermans et al. 1978, Konrad &
Morgenstern 1982, Radd & Oertle 1973) and theoretical
investigations (Gorelik & Kolunin 2002) show that there
is a minimal value for the external load on the schlieren
ice given set temperature conditions for freezing a ground
specimen. The ice segregation process ceases when this
value is achieved. When the external load exceeds this
minimal value, schlieren ice melting occurs under the same
temperature conditions. It should be noted that this statement
is true and was validated also for the specimen with a rigid,
undeformable skeleton. Consequently, the cessation of the
schlieren growth is associated with the effect of the load
limit on the schlieren above a specific value, but not with
the ground skeleton compaction. The latter, in the author’s
opinion, is incorrectly presented in some works. The fact
that schlieren formation hardly occurs in intensively
compacted grounds, even without external load, is most
likely associated with the fact that the inter-particle relations
emerging in the ground skeleton under these conditions
become so significant in value that they eliminate its rupture
(with the set temperature conditions) required for schlieren
formation. In this context, the adhesive power effect is
equivalent to the external load effect.

The investigation’s results briefly discussed here by
the author allowed us to obtain the correlation that links
the limit depth L at which the existence of schlieren ice
is still possible in the permafrost mass with its freezing
temperature 7, (at the mass surface it is equal to the annual
mean temperature), and the geothermic gradient value in the
thawed zone G and the pressure from the overlying weight of
the stratum (Gorelik & Kolunin 2002). The present version
takes into account the ground salinity; only the main salinity
component NaCl is taken into account hereinafter:

_ _(tp+g'cw'R,,'7;)2/,u-K-pw)
"G e (o -p)p) @

where: L, A is the ground heat conductivity coefficients
for the thawed and the frozen states; p_is the frozen ground
density; g is the acceleration of gravity; p is the molecular
weight of salt (kg/kmole); Ru = 8317 J/kg kmole gas
constant; C_ salt concentration in pore moisture at the

depth L, referred to its liquid phase kg/m’; € = 2 is the non-
dimensional coefficient for the salt NaCl. The calculation

procedure is complicated if other salts in the solution are
taken into account. Consequently, this case should be
described specifically. In addition to the direct calculation of
the value L , equation 1 can be useful for the reconstruction
of the paleotemperature t,on the basis of the actual data of the
permafrost section. To do this, l, should be expressed from
(1) and calculations should be made based on the actual data.
These data referred to the same section, although sparse, and
are presented in independent works. We will use the results
of the work (Dubikov et al. 1984) that gives the required
data on well KTS-8 located on the second marine terrace of
Cape Kharasavey, where the permafrost thickness is about
170 m; thickness of ground with negative temperature is
about 250 m: L,~166m; G=0.04 degr/ m; C = 30 kg/m’;
p,~ 2000 kg/m’. Salinity, in addition to the concentration
member in (1), also influences the relation of the thermal
conductivity coefficients. This relation is above one as
compared to non-salty grounds. It can be estimated based
on the results of Ershov (1984) and Loseva et al. (1990) A /
A, = 1.2. The calculation gives the following: t,=-11.4°C.
This value exceeds by 0.4—1.6 degrees the values for marine
terraces with the current permafrost thickness 275-350 m,
and by 3.7 degrees the values for plain sites with permafrost
thickness 450 m, which were obtained by means of the
solution of the inverse problem in the course of simulation
of the permafrost formation process in different cooling
epochs for the northern districts of West Siberia (Baulin
& Chekhovskiy 1983). However, the proposed method is
significantly more simple and can be recommended for the
preliminary estimate of paleotemperature.

Chemical Composition of Tabular Massive Ice

The clarification of the mechanism of massive ice
formation in a number of studies is based on the comparison
of the total mineralization and the chemical composition of
ice with analogous parameters from different water sources
and pore solutions in host deposits (Dubikov 1982, Fotiev
2003). Such analysis is based on two suppositions. The
first supposition is that in the process of ice formation the
“fixation of the components of the initial water solution
occurs” (Dubikov 1982: 33). The second supposition is
not clearly formulated. However, it is assumed that the
chemical composition of the salt solution in the ice of
currently existing beds is very close to the composition of
the solution from which it was formed. Nonetheless, it is
known (Hoekstra et al. 1965, Harrison 1965, Kingeri &
Gudnau 1966, Jones 1973) that brine drops in ice move
under the impact of the imposed temperature gradient toward
the higher temperature. This process is also interesting in
terms of marine-ice demineralization dynamics (Tsurikov
1976). The velocity of this movement v, is proportional to
the imposed gradient: v = s G,. In this expression G, is the
temperature gradient, and the coefficient s depends on the
brine composition and the temperature at the point where
the drop is located and makes 5 10-7; 2 1079 2 10~°; m’degr
sec at temperatures -9, -4, and -0.2°C, respectively (for the
salt NaCl). Taking into account the assumed age of the beds,
which is approximately 100,000 years (Fotiev 2003), it is
easy to obtain the thickness of ice that should be free from
brine admixtures in the current period at the minimal values
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of the gradient G, = (.03 degr/m. We will obtain 4.7, 19, and
180 m, respectively, for the temperature values given above.
Since the overwhelming majority of ice beds are confined
to the upper 50 m stratum (Dubikov 2002), the value of the
effective gradients can exceed the given one. The reasons
for this are seasonal and long-term mean temperature
variations play a significant role here. The gradients in
the warmest periods have the greatest impact under these
circumstances. Ice mass desalination can occur during the
period not exceeding ten thousand years under favorable
thermal conditions.

If, for the purpose of simplification, we assume that there
are no mineral admixtures inside the ice mass on which
solution drops could adsorb, in the majority of cases the
initial solution captured at the moment of ice formation
should be removed from this mass before the beginning of
studies. It can be replaced by the solution having a different
composition from the side of the ice bed contact with the
host ground. The salts that transformed to a solid state
(hydrocarbonates, sulfates) within the ice as a result of the
change in thermal conditions can be an exception. Although
the authors of the study (Hoekstra et al. 1965) observed
the movement of the solid salt KC/ at temperatures below
the eutectic point, Tsurikov (1976) concluded that this
movement can be neglected on the basis of the actual data
analysis concerning the demineralization of marine ice. He
refers to this to explain the increased hydrocarbonate content
in marine ice formed from demineralized sea water. The
freezing temperature of such demineralized water exceeds the
solidification point of hydrocarbonates forming it. However,
the abovementioned author notes that hydrocarbonates also
are actually contained in the ice for the case of freezing of
the sea water of regular composition. The latter fact is not
taken into account in the methodology for determination
of salt composition in marine ice under the conditions of
temperature reduction. That is based on the experimental
investigations of V.V. Ringer and K.E. Gitterman “who
assumed that the eutectic point of the calcium carbonate
is -1.9°C, i.e., it is very close to the freezing point of the
ocean water with salinity 35 g/I. If such water is freezing,
the calcium carbonate should crystallize together with ice.
Therefore, no carbonate ions should be present in the brine.
That is why both authors did not include carbonates in the
number of dissoluble salts for the preparation of artificial sea
water...” (Tsurikov 1976: 14).

Since the ice-hosting deposits were formed in the coastal
part of the demineralized sea basin (Fotiev 2003), the in-
creased content of hydrocarbonates in the ice as compared to
other salts cannot testify to the demineralized nature of the
source of ice formation in the light of the abovementioned
discussions. Therefore, both abovementioned suppositions
are correct only during a relatively short time after ice for-
mation. In the course of time, their salt composition should
change significantly as compared to the initial composition
of the solution. This degree of the change should be propor-
tional to the salinity of the initial solution. With regard to
salt adsorption on mineral admixtures, this easily explains
the following fact: “...the solution from clean ice usually has
the hydrocarbonate calcium composition, and the chemical
composition of the solution from the ice-rich soil is chlo-
ride-sodium” (Streletskaya & Leibman 2002: 16).

In addition, we present important facts connected with
the movement of a brine drop in the ice as observed in
experiments. They can be useful for further study of the salt
composition of massive ice. The velocity of drop movement
increases with the increase of the molecular weight of
the dissolved salt and does not depend on the drop radius
(Hoekstra et al. 1965). This velocity increases by orders
of magnitude with the temperature approaching 0°C (at
the points of drop location), while the drop’s size grows
(Harrison 1965). The explanation of these facts requires
taking into account the deformability of ice as a viscous
body (Gorelik & Kolunin 2002). The movement velocity of
solid particles in the ice is inversely proportional to their
radius (Romkens & Miller 1973, Gorelik & Kolunin 2002),
and for sand particles it is by several orders of magnitude
lower than the velocity of liquid drops of the solution at
identical temperature gradients. The external pressure on
the ice evidently has some specific impact on the movement
velocity of inclusions. Radd & Oertle (1973) note that the
movement of clay particles in the ice toward its warm front
became visually noticeable after a load was applied to the
specimen.

Mechanisms of Tabular Massive Ice
Formation

The problem of formation mechanisms of massive ice
is still debatable. These mechanisms are divided into two
groups: one is based on the constitutional (inter-ground)
mechanism, and the other is based on the primarily over-
ground origin and consequent burial. Only inter-ground
mechanisms of massive ice formation are discussed below.
The segregation and injection mechanism is considered to be
the most substantiated today. The segregation and injection
mechanism, according to G.I. Dubikov (2002), actually
means separate participation of the segregation and injection
mechanisms either at different freezing stages of the initially
thawed ground mass or on its spatially separated parts
within the same bed. However, the conditions that trigger
both segregation and injection mechanisms have quite strict
physical limitations that should be described in connection to
real freezing conditions. The essence of the segregation and
the injection mechanisms implies that the overlying stratum
should continuously move upward in the process of ice bed
formation (when freezing from above). In such a process,
the pressure from below onto the bottom of the growing bed
should be equal to the sum of O stresses from the overlying
ground weight (including the bed itself) and the bending
stresses of the frozen stratum that occur as a result of its
irregular deformation. The pressure developed from below
at the bed bottom is significantly different in its nature for
both mechanisms. Thick massive ice strata can be formed
only in the conditions close to the stationary ones in the case
of the segregation mechanism. This is possible only in an
open system when the moisture supply to the ice formation
front from the external source is possible. Moreover, two
options are possible: with or without ice penetration into the
pores of the thawed ground underlying the bed. In the former
case, the bed growth occurs if there is a two-phase freezing
zone below it (Ershov 1979, Rogov 2009). If the ice grows
without the two-phase zone formation, the temperature at
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the ice formation front ¢ should exceed the temperature of
ice penetration into the capillaries of the underlying porous
medium . This value can be defined experimentally as the
ending temperature of ground thawing. Moreover, the liquid
flow should be positive. It follows from these two conditions
that the following inequality should be fulfilled for a stable
ice growth:

c-F <20, /R )

where P, is hydrostatic pressure in the supplying water
body, 6, = 3.3 10 J/m’is ice-water surface stress coefficient,
K is typical radius of capillaries in the ground underlying
the growing ice.

According to the data of multiple observations within
Yamal and Alaska, more than two-thirds of all massive ice
beds are underlain by sand. This means that for R ~ 10~ m
and above, the right part of the correlation (2) numerically
does not exceed 7 10° Pa, while the value of the left part
cannot be below 10* Pa if the thickness of the overlying
grounds is at least one meter and if the water level in the
external body is not above the ground surface. The formation
of massive ice immediately at contact with underlying
sand is impossible even in the near-surface ground layers.
When there is no two-phase zone, the ice bed growth inside
clays is still possible in the way that its bottom is separated
from the sand with a thin clay-rich interlayer (e.g., several
millimeters thick, so it is hard to see it in borehole core and
outcrops). However, this possibility can hardly be fulfilled
in reality. Firstly, the thawing temperature of water-saturated
clay is very close to zero (Grechishchev 1980). Secondly,
the change of the temperature f; significantly depends on
seasonal and climatic temperature fluctuations at the ground
mass surface and on the water level fluctuations in the supply
water body (Gorelik & Kolunin 2002). It is very possible
that such fluctuations occurring during a long-term freezing
cycle can cause the reduction of the temperature ¢, below
the value 7, with irreversible touching of sand by the ice
formation front (and its freezing, which leads to the cessation
of the migration supply and the ice bed growth). Thirdly, it is
hard to imagine a long (tens of meters horizontally) clay-rich
interlayer several millimeters thick with no breaks in the form
of micro-cracks or folds through which the ice can penetrate
into the underlying sand. Based on ideas similar to the ones
given above, J. Mackay reached a conclusion as far back
as 1979 on the impossibility of massive ice formation with
the segregation mechanism (Mackay 1979). This conclusion
cannot be changed by means of ice growth examination with
a two-phase zone present below the ice formation front. This
is because direct calculations of the zone’s length for natural
freezing conditions (the thickness of the overlying stratum
is at least 2 m, the annual mean temperature of the ground
mass surface does not exceed -5°C) show that this value
cannot be below one meter (i.e., the ice bed should almost
always be separated from underlying sands by quite a thick
clay-rich interlayer). Therefore, the massive ice formation
with the segregation mechanism is highly unlikely in the
overwhelming majority of the cases observed.

On the other hand, V.V. Baulin with co-authors came to
the conclusion that at the Yamal and the Gydan peninsulas
“... the overwhelming majority of large ice formations in

marine and glacial-marine deposits have evident indicators
of injection origin” (Baulin et al. 1967: 140). The laboratory
simulation of ice accumulation for the injection supply
mechanism (Gorelik 2009) shows that many peculiarities of
the massive ice texture and composition can be explained
based on the injection mechanism of their formation.
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The Change of Geotechnical-Geocryological Parameters of Permafrost Foundations
in the Western Sector of Russia’s Cryolithozone by 2050

V.I. Grebenets, A.V. Kislov, D.G. Shmelev
Lomonosov Moscow State University, Faculty of Geography, Moscow, Russia

Abstract

A quantitative simulation of the changes in geocryological and geotechnical parameters for resource-rich cryolithozone
regions was completed for the Bolshezemelskaya Tundra, in the north of West Siberia, and the lower reaches of
the Yenisey River. The simulation was performed with regard to evaluations of climatic change based on a set of
calculation results from eleven models. It was found that for these regions, the worsening of the permafrost-
environmental situation and of the geotechnical settings will occur with the estimated non-linear trend of climate
warming. The bearing capacity of permafrost foundations will be reduced, and the adverse impact of tangential forces
of frost heave and the cryogenic weathering of underground structures will increase. The bearing capacity of existing
permafrost foundations may decrease by 2—-3 times by the middle of the twenty-first century. Economic development
that is associated with the destruction of the protective role of vegetative topsoil covers will be affected. The failure of
structures built on the principle of permafrost preservation will occur in more southern regions.

Keywords: bearing capacity; climate; cryolithozone; forecast; foundations, frost heave.

Introduction

Permafrost is one of the most sensitive components of
the natural environment of the North. This is due to the
fact that the stability of geoecological, geotechnical, and
geocryological conditions is primarily defined by the thermal
regime of permafrost. Permafrost frequently thaws as a result
of surface temperature increase under the impact of global
climatic changes or local technogenic effects. Thawing
occurs in economically developed areas where naturally
protecting moss and peat covers are destroyed during
construction. This is accompanied by melting of ground ice,
reduction of the bearing capacity of permafrost foundations,
the activation of slope processes, landscape changes, and
the increase of the seasonal thaw depth (i.e., the zones of
active frost heave development and cryogenic weathering
of underground structures). Permafrost dynamics (its state,
temperature, bearing capacity, seasonal ground thawing,
and the activation of cryogenic processes) in urbanized
areas is defined by three main factors: 1) geocryological
(characteristics and properties of permafrost in the
natural state); 2) geotechnical (construction-operational
characteristics, type of technogenic impact, intensity, and
the area of this impact’s contact with permafrost; 3) time
(duration of impact, climatic changes). These factors
frequently have non-synchronous and differently directed
effects of various scales, and this leads to mosaic-like
changes in permafrost.

The stability of geotechnical-geocryological conditions,
geoecological settings, and geotechnical medium is to a
large extent associated with climatic trends. Permafrost
temperature is increased with the trend of climate warming.
Consequently, the following phenomena occur: reduction of
the bearing capacity of permafrost foundations, an increase
of seasonal thawing depths, and, therefore, an increase of the
zone within which tangential forces of frost heave adversely
influence support structures as a result of active layer
freezing. The existing (quite unfavorable) situation with the
construction and reliability of structures in the cryolithozone
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can get significantly worse if the trend of climate warming
in the northern regions of Russia exists through the next
decades. This paper will discuss forecasts for changes in
important geotechnical-geocryological parameters, such as
the bearing capacity of permafrost foundations and tangential
forces of frost heave that influence support structures due to
active layer freezing.

Methods

Changes in geotechnical-permafrost conditions of the
Bolshezemelskaya tundra, in the north of West Siberia, and in
the lower reaches of the Yenisey River were simulated. These
are the cryolithozone regions with the maximum resource
potential and a high degree of development. Changes of the
geotechnical and the geotechnical-geocryological situation
by 2030 and 2050 were predicted. The simulation output
data included the depth of the seasonally thawed layer
(or the depth of seasonal freezing for the territory where
permafrost will thaw as a result of climate warming), the
temperature within the depth of the foundation, the value of
the bearing capacity of a permafrost pile, and the value of
tangential forces of frost heave affecting the supports.

The research territories were divided into polygons 2x2° in
size. Zonal landscapes were defined within them. All design
values were estimated for the centers of these polygons. The
Bolshezemelskaya tundra was divided into 16 polygons,
54-60°E, 66—68°N, typical tundra, and 64—-66°N, southern
tundra, forest tundra, and northern taiga. In northwestern
Siberia there were 45 polygons, 62-74°N, 62—80°E. The
lower reaches of the Yenisey River included 25 polygons,
80-90°E, 62-74°N, northern taiga, forest tundra, southern
tundra, and typical tundra.

Three types of ground were investigated for all territories:
clayey silt, sand, and peat covering the mineral ground
(sand or sandy silt/clayey silt ground depending on regional
peculiarities). The Polar Urals and the western branches
of the Putoran Tableland were excluded from the analysis
because in these mountain regions the permafrost conditions
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play quite a subordinate role in construction of foundations
supported on bedrock.

The estimate of the change in climatic resources by
the middle of the twenty-first century (2046-2065) was
completed based on calculation results from eleven climatic
air, ocean, and dry-land interaction models: CCSM3 (USA),
CGCM3.1 (Canada), CNRM—-CM3 (France), CSIRO-Mk3.0
(Australia), ECHAMS/MPI-OM (Germany), GFDL-CM2.0
(USA), GFDL-CM2.1 (USA), MIROC3.2 (Japan), MRI-
CGCM2.3.2A (Japan), PCM (USA), and INM (Russia).
These were for the A2 scenario of polluting emissions into
the air reflecting the least favorable anthropogenic human
impact on the environment from the ecological point of view
(Kislov et al. 2008, Strategic Forecast... 2005). The years
1961-1990 were assumed to be the “baseline” period for
change estimates in accordance with the recommendations
of the World Meteorological Organization.

Input geocryological conditions represented individual
values of active layer depth and temperature at the depth
of zero annual amplitude for 2000 for each division
and each type of permafrost (in addition to the physical
characteristics noted above). The temperature change
depended on the depth of geotechnical development as well
as the thickness of the active layer estimated for polygon
centers by means of a solution of one-dimensional, non-
stationary heat conductivity problems (with regard to the
Stephens condition). This allowed for quantitative estimates
of the change in bearing capacity and tangential forces of
frost heave by 2030 and 2050 as a result of the occurrence
of the estimated climate warming model; according to the
methodology suggested in SNiP 2.02.04—88 (SNiP 1990).

The bearing capacity of a frozen reinforced concrete pile
with a square section 30x30 c¢cm buried up to 10 m from
the surface and installed with drilled-shaft technology, was
estimated as the object for each polygon. Such pile types
are widely used in cryolithozone settlements. For example,
more than half of all buildings and structures are erected on
similar foundations in the towns of the Norilsk industrial
district (tens of thousands of piles). Metal pile-pipes 219 mm
in diameter, buried to a depth of 8 m, were selected for the
assessment of the adverse impact of the tangential forces of
frost heave that influence the supports of these structures.
Such piles are widely used for aboveground placement of
main gas pipelines in northwestern Siberia.

Results

Estimates for the thermal ground regimes and changes in
bearing capacity were completed (Vyalov et al. 1993) for
two options of climatic warming (trend 0.033°C/yr and
0.066°C/yr). They showed that the permafrost temperature
in northwestern Siberia could increase by 0.1-3.3°C by the
middle of the twenty-first century, depending on geological-
geographical conditions. Taliks will occur in the southern
districts.

The problem of changes in permafrost conditions for
different climatic scenarios has remained the focus of
geocryological investigations during the recent 15-20
years. The works of Khrustalev & Shumilishskii (1997)
and Khrustalev & Davydova (2007) showed that changes
of air temperature and snow accumulation conditions

significantly influence the bearing capacity of building bases

and structures. It is assumed (Ershov 1997, Pavlov & Gravis

2000) that by 2050, an air temperature increase of 1-5°C,

a ground temperature increase of 1-2°C, and a seasonal

thaw layer depth increase of 10-40% will occur. Thawing

of island permafrost in the southern cryolithozone regions
is possible.

It is noted that climate warming has already led to an
increase of permafrost temperature. Romanovskiy et al.
(2010) estimate that permafrost temperature has, in general,
increased by 0.5-2.0°C at the depth of zero annual amplitude
during the recent 20-30 years for Russia’s cryolithozone.
The range of ground temperature change for the Russian
North is from 0.004 to 0.05°C/yr (Pavlov & Malkova 2009).

The response of permafrost to climate warming can be
more complicated. It is possible that the protective role
of vegetative covers will intensify with the increase in air
temperature and the amount of summer precipitation. This
can lead to the preservation and even strengthening of
permafrost conditions. The ice-rich transient layer under
the bottom of the seasonally thawed layer, which requires
greater energy consumption for phase changes, can hinder
permafrost thawing as well (Konishchev 2009). However,
the forecast results given below are in reference to the
urbanized medium or linear structure building zones (i.e.,
to the areas where the protective vegetative topsoil cover is
actually destroyed in the process of construction).

Climate warming causes the development of trends in
permafrost degradation:

e The bearing capacity of permafrost foundations
falls. The freezing forces (i.e., the shear strength R )
decrease with the increase of permafrost temperature,
and the freezing area A  declines with the increase of
the seasonal thaw depth.

e The seasonal thaw depth d increases. The impact zone
of tangential forces of frost heave occurring during its
freezing period (second half of autumn to beginning of
winter) becomes greater.

e An increase of precipitation, primarily of snow
accumulation, causes slower freezing of the seasonally
thawed layer and an increase of ice formation within
the seasonally thawed layer. Moisture has enough time
to migrate to the freezing front; schlieren cryogenic
structures are formed in fine-grained varieties, causing
the intensification of tangential forces of frost heave.

The change in main geotechnical-geocryological
parameters due to climate warming in the western sector of
the Russian cryolithozone is to a large extent associated with
the cryolithological peculiarities of the area.

The calculation results for the change in geotechnical-
geocryological parameters are given in the form of
cartographic images in Figures 1-6.

Figures 1 and 2 show that a quite noticeable reduction
from 5-8% to 20-25%) of the bearing capacity of permafrost
pile foundations will occur in the European Northeast. In the
more southern part, permafrost will thaw in the geotechnical
development zone (the upper 10 m), and failure of the
structures will occur.

Meanwhile, the frost heave forces can grow by 30—-100%.
This all can lead to the development of deformations of
existing buildings and structures. In 20-25 years this will
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Figure 1. Change of the bearing capacity of a single typical
permafrost pile with the climate warming trend preserved (2000—
2050) in the Russian European North.

Bolshezemelskaya tundra. Change of frost heave tangential forces in 2000-2050
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Figure 2. Increase of tangential forces of frost heave influencing
the standard metal supports of aboveground structures with climate
warming trend preserved (2000-2050) in the Russian European
North.

also complicate the construction and operation of newly
installed foundations. It will necessitate several measures,

including:
e wider application of expensive pre-construction
amelioration,

e installation of anti-filtration systems to a great depth in
the process of drilling within the increasing seasonally
thawed layer,

e an increase of the thickness of the filling layer under
motor and rail roads,

e use of more expensive heat-insulating materials in the
filling subgrade,

e installation of special protection against the “frost
destruction” of the material of underground structures
to a greater depth within the seasonally thawed layer.

Figures 3 and 4 clearly show that a significant worsening
of the geotechnical-geocryological situation is possible for
northwestern Siberia, and even a catastrophic worsening
in the most developed gas production districts (Tazovskoe,

Novy Urengoy, and Nadym) and oil production districts

(Vankor). Possible effects include a reduction of the bearing

capacity of foundations by many times and a noticeable
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Figure 3. Change of the bearing capacity of a single typical
permafrost pile with the climate warming trend preserved (2000—
2050) in the West Siberian North.

Western Siberia. Change of frost heave tangential forces in 2000-2050
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Figure 4. Increase of tangential forces of frost heave influencing
the standard metal supports of aboveground structures with climate
warming trend preserved (2000-2050) in the West Siberian North.

increase of the adverse impact on low-loaded frost heave
supports. The geotechnical situation predicted for the nearest
20-40 years will worsen less in more northern regions (e.g.,
at the potential Bovanenkovo gas and condensate field and
other regions located in northern Yamal). However, increases
in the seasonal thaw depths in these regions can provoke an
abrupt activation of thermokarst and thaw slumps, which
will intensify the destruction of roads, pipelines, and other
structures.

Figures 5 and 6 show that the change in geotechnical
and geocryological parameters by 2030 and 2050 (should
climate warming occur according to the forecast) will
cause significant (mainly in the southern cryolithozone)
worsening of the reliability of geotechnical bases in the
Yenisey North. It should be noted that by 2030 permafrost
will be preserved south of 68° only in ground peated from
the surface, and it will almost disappear in the geotechnical
development zone (the upper 10 m) by 2050. Consequently,
the calculation of geotechnical parameters for these periods
was not performed. However, a deep seasonal freezing
depth will cause a sharp increase of tangential heave forces.
The calculations show that the bearing capacity in the most
northern districts can be reduced by 5-15% by 2030 and
up to 30% by 2050. At the same time, it will, by 2050, be
reduced by 30—40% in the peaty ground and by 2-3 times in
sands and clayey silts in the Norilsk region. The tangential
forces influencing the supports can increase by 20-30%
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Lower reaches of the Yenisey River. Change of the bearing capacity in 2000-2050
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Figure 5. Change of the bearing capacity of a single typical
permafrost pile with climate warming trend preserved (2000-2050)
in the Yenisey North.
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Figure 6. Increase of tangential forces of frost heave influencing
the standard metal supports of aboveground structures with
climate warming trend preserved (2000-2050) in the Yenisey
North.

(maximum in silty sands) in the North by 2050 and by 1.5-2
times in the most southern regions.

In recent decades, the development of significant
structural deformation is noted in many industrial regions
and villages of the Far North (Kronik 2001, Grebenets 2003,
Grebenets 2007). This is associated with the worsening
of the geotechnical-geocryological situation. The most
significant intensification of the deformation of structures is
associated with a specific “warm” period during the recent 20
years and also with negative technogenic impacts (Figs. 7, 8).

Monitoring the stability of geotechnical systems in
different permafrost regions shows that more than half of the
industrial and municipal development areas currently have
violations of geocryological and geoecological conditions.

Discussion and Conclusions

Risks and damages caused by failures of structures on
permafrost will increase by the middle of the 21* century as
a result of climate warming in the western sector of Russia’s
cryolithozone. This can become a serious social and
economic problem. It can reduce the efficiency of the heat-
energy, metallurgy, and lumber industries and lead to the

Figure 7. Deformation in the first housing estate of Igarka
(July 2010) due to the reduction of bearing capacity of
the permafrost piles.

|

Figure 8. Housing at Laureatov Street in Norilsk.
Irregular settlement of permafrost piles due to the
warming and partial thawing of the surrounding
permafrost, August 2009.

destruction of the transportation system, including the main
pipelines in northwestern Siberia. This occurs at the time of
a noticeable weakening of the requirements for monitoring
the geotechnical-geocryological situation and the technical
control of buildings and structures.

There are several reasons for deformations: 1) global
or regional climate changes and unpredicted development
of hazardous geotechnical-cryogenic processes under
the impact of technogenesis or permafrost warming; 2)
different errors and violations in the investigation, design,
construction, and operation processes; 3) worsening of the
socioeconomic situation in the northern regions.

It is evident that with climate warming in the studied
cryolithozone regions, the risk to structures will increase.
Risks and damages are caused by deformations of structures
associated with irregular ground settling due to thawing or
warming. The bearing capacity of permafrost foundations is
reduced with ground heaving or foundation jacking and with
the cryogenic destruction of the material of underground
structures.

Noticeable winter warming during the recent 20-30 years
in the western sector of Russia’s cryolithozone reduces the
efficiency of various seasonal cooling units (cold ventilated
cellars and channels, liquid and vapor-liquid heat units)
that are applied for the preservation of foundations in the
permafrost state. Should climate warming occur according
to the forecast, the adverse effects of the reduction of the
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bearing capacity of permafrost pile foundations and the
increased impact of frost heave on pipeline supports cannot
be neutralized by existing (already installed in-structure)
geotechnical methods.

Numerous deformations of buildings and structures in
the Far North could become a reason for depopulation and
deferred development of the region.

A strategy of rational economic development of the
cryolithozone should be worked out based on the estimate
of the change of geocryological conditions under possible
climate warming.
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The Study of Exogenic Permafrost-Related Geological Processes along the
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Abstract

Monitoring of exogenic geological processes along the 68-km Yuzhno-Russkoe-Beregovoe (Pur-Tazovskoe watershed)
road was conducted. Structures for erosion-control and water diversion, including culverts, were examined. Recently
built structures for control of flooding, erosion, and thermal erosion within the road shoulders and the embankment
slopes also were studied. This paper summarizes the efficiency of structures built in 2009 and presents observations of
solifluction, thermokarst-related subsidence, and thermal erosion (denudation).

Keywords: culverts; embankments; erosion-control; exogenic geological processes; roadbed; thermal erosion.

Introduction

The Yuzhno-Russkoe-Beregovoe road is located in the
zone of continuous permafrost. Site investigations, design,
and construction of roads on permafrost include analysis of
the geocryological conditions. Permafrost-related geological
processes are responsible for the most unfavorable road
construction and operational conditions. Construction on
permafrost is referred to as the most complex (III and IV)
categories (Aid... 1985, VSN-195-83, VSN 26-90). It is
prohibited to cut unstable slopes composed of category
IIT and IV soils prone to thaw settlement in order to avoid
development of thaw flows, landslides, solifluction and
thermokarst. When designing bridges and culverts, water
diversion structures should be built to prevent backing up of
runoff in the upper part of the structure, especially in areas
where culverts are underlain by ice-rich soils (Manual...
1985).

Previous Studies

Information on geocryological conditions and the
occurrence of exogenic geological processes, including
permafrost-related ones, in the study area, is provided in
several monographs (Ershov 1989, Baulin 1985). The
Yuzhno-Russkoe-Beregovoe road was constructed in the
Pur-Tazovskaya geocryological region (Gruzdov et al.
1989). The studied portion is located in the continuous
permafrost zone, with permafrost temperatures ranging from
-2°C to -4°C. The studied section of the road is divided
into the western and eastern parts according to the drainage
conditions, which, in many respects, determine the types
of exogenic geological processes. The eastern part of the
study area is characterized by poor drainage conditions. It
is flooded in spring and partially flooded during summer
and fall. Moreover, a large number of thermokarst lakes
are located in the eastern part. The western part is heavily
dissected by gullies and valleys of small and medium-size
streams. It is less comparable to the eastern part, affected by
thermokarst and muskeg formation.

Long-term geocryological monitoring results, which
are available for adjacent territories, show that exogenic
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geological processes have an impact on hydrocarbon field
development in the region. Human-induced disturbances
of the permafrost environment cause changes both in
the geotechnical systems and in the adjacent natural
complexes (Drozdov 2004, Moskalenko 2006, and others).
It was determined that in the course of hydrocarbon field
development, thermokarst and frost heave (i.e. permafrost-
related geological processes and muskeg formation) are
the main exogenic geological processes within the flat and
poorly drained territories (Melnikova & Grechishcheva
2002, Ponomareva 2010). Erosion and thermal erosion
actively develop within uneven terrain that has considerable
slope inclinations and lengths, and in areas underlain by
sandy and silty soils (Gubarkov et al. 2011).

Widespread hazardous exogenic geological processes in
the region require regular monitoring. The monitoring results
should be used for the development of control measures,
design solutions, and construction of special structures that
prevent or eliminate impacts of the hazardous exogenic
geological processes. For example, depending on the
type of water body, a specific type of control structure is
selected to prevent hazardous impact of the water body on a
geotechnical system.

Culverts, water diversion, and drainage structures

Water diversion channels and drainages are usually
constructed in summer and autumn. Water diversion
structures are designed to eliminate flooding of the
construction objects by rain and melt waters (Manual...
1985). Minor artificial structures are installed in muskeg
areas in order to avoid long-term ponding and spreading
of muskeg over the adjacent dry areas. The structures are
placed without calculations because it is hard to determine
surface flow in muskegs. The structures are spaced at 300 to
500 m intervals, but there is at least one structure per each
muskeg crossed (VSN-195-83). These measures also prevent
development of slope processes and deforestation caused
by flooding of the area. Protection of the road from gully
erosion, landslides, and washout is provided by a complex
of measures that include special grass planting combined
with a series of geotechnical engineering measures (VSN
26-90).
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Peat and peat-sand blends with grass planting, soils
supported with cementing components (cement and oil),
geotextiles, prefabricated gratings, concrete slabs, and other
means are used for slope support. These means are stipulated
in the corresponding standard documents of typical
structures (VSN 26-90). The specific natural conditions of
the construction area, slope flooding conditions, and the
availability of local construction materials should be taken
into account when selecting a slope support structure. The
proposed support structure should ensure protection of
the slope surface from erosion both in the course of road
construction and during its operation, and provide for the
minimum maintenance cost.

There are many slope reinforcement methods that utilize
various materials. Volumetric geogrids are among the most
widely developed and promising materials used in West
Siberia. They consist of heat-welded polymer strips, which
form a cellular structure (Matveev & Nemirovskiy 2006).
For facilities being built in the northern part of West Siberia,
frost resistance of the geogrids is very important. Frost
resistance of the geogrids has been confirmed by more than
30 years of road operation in Alaska (Sannikov 2004). In
2000-2001, roads were constructed with the use of geogrids
in the Zapolyarnoe gas field, based on foreign experience
(Korobkov 2004). The slopes were reinforced by geogrids
filled with a peat-sand blend, whereas drainage ditches and
shoulders were reinforced by geogrids filled with crushed
stone. Experience shows that geogrids successfully stabilize
sliding and erosion processes caused by seasonal ground
freezing and thawing (Chelobitchenko 2006).

Bridge crossings and culverts

The use of culverts on permanent or intermittent
watercourses is allowed only if special icing control
measures are provided. Bridges or structures with half-open
cross-section are required for permanent or intermittent
watercourses. They do not alter the thermal regime below
stream channels and ensure non-pressure water flow.
Conduits made of corrugated metal, at least 1.5 m in
diameter, and steel pipes 1.42 m in diameter or in some
cases 1.22 m in diameter can be used at stream crossings on
regularly freezing watercourses with estimated flow rates of
up to 30 m*/sec (VSN 26-90).

Research Methods

The methods of investigation for permafrost-related
geological processes in the permafrost zone were
developed by leading geocryologists (Grechishcheva 1979,
Kudryavtsev et al. 1979, Methods... 1986, Pavlov 2008, and
others). The methods of investigation of exogenic geological
processes along linear structures are discussed in a number
of publications (Korolev 2007, Pendin, 2009, and others).
The monitoring of exogenic geological processes along
roads included interpretation of the remote sensing
materials and field studies. The remote sensing methods
consisted of the interpretation of medium- and large-
scale satellite imagery and aerial photography. Linear and
aerial parameters of flooding, as well as characteristics of
thermal erosion and thermal denudation were determined.
In August 2009, field observations, characterization of key

sites, and measurements of morphological parameters of
the hazardous exogenic geological processes and landforms
were conducted along the Yuzno-Russkoe-Beregovoe road
and in adjacent areas. The impact of exogenic geological
processes on the road was documented. Types of processes
and landforms were identified or reconstructed on the basis
of indirect terrain indicators. Mitigation methods were
selected. A comparative analysis of flooding zones along the
road, which were identified in 2004-2007 and after the road
upgrade in 2009, was conducted. The efficiency of erosion-
and flood-control structures was evaluated. Two main tasks
were solved at the fieldwork stage: 1) visual examination
of the areas adjoining the road, both natural undisturbed
terrain and human-disturbed areas; and 2) identification of
sites along the road where hazardous exogenic geological
processes develop.

Results and Discussion

Observations conducted in 2004-2009 and air photos
taken in 2008 showed that the following exogenic geological
and permafrost-related processes developed in the study
area: seasonal and long-term frost heave, thermokarst,
muskeg formation, and fluvial erosion. Most of the exogenic
geological processes are inactive. No active slope processes
with the ruptured vegetative-topsoil cover were observed in
natural conditions during the 2009 monitoring period.

Poor occurrence of slope and erosional processes in natural
conditions of the Yuzhno-Russkoe field is the result of the
widespread forest that protects the ground surface with well-
developed, multi-layered covers, most importantly grass,
moss, and lichen covers underlain by a thick peat layer.

Though the area of research is located within the continuous
permafrost zone, at the regional scale, permafrost is
discontinuous, with open and closed taliks, and is
characterized by a two-layered vertical structure. At the
local scale, both permafrost degradation and permafrost
aggradation are possible depending on the surface conditions.
Atotal of 140 occurrences of hazardous exogenic geological
processes (Table 1) were identified in 2004—-2008 between
0.0 km and 68 km of the Yuzhno-Russkoe-Beregovoe road.
Only 10 of the occurrences were still active in 2009. In
2004-2009, isolated occurrences of exogenic geological

Table 1. Number of the exogenic geological process occurrences
and landforms documented in 2004-2009 between 0.0 km and 68
km of the road (between the Yuzhno-Russkoe oil-gas field and the
Beregovoe gas-condensate field).

No Exogenic geological 2004-2008 2009

process

1 Erosion an.d thermal 76 |
erosion

) Solifluction 'and thaw 18 |

slumping
3 Flooding 44 6
4 Frost heave and No accurate )
differential settlement data
5 Thermal denudation 2 0
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Figure 1. The 2009 construction of erosion- and landslide-control
structures using geogrid.

Figure 2. Erosion-control structure with a geogrid filled with
crushed stone. Photo taken in 2010.

processes were documented at 104 sites. At 16 sites, the
processes formed paragenetic complexes consisting of a
dominant process and one or several associated processes.

Thermal erosion was eliminated at all sites with special
erosion-control structures made up of geogrid (Figs. 1, 2).
In 2009, erosion in the form of a small recently formed gully
was noted at one site only.

According to the results of the 2004—2007 investigations,
widespread areas (several hundred meters across) of partial
flooding (38) were mapped. Small areas of partial flooding
(see Table 1) identified in 2009 did not exceed 10-20 m in
length.

In 2009, active solifluction was observed at the base of a
slope at one site in the form of a small lobate feature. In total,
18 features were observed. These features were associated
with the process of solifluction and sliding of saturated soil
within the road construction right-of-way. Solifluction was
most actively developed during the construction period and
the initial operational period prior to the road upgrade.

In 2009, differential frost heave and thaw settlement of
the road embankment were observed at two small sites.
Between 2004 and 2007, these processes were ubiquitous
along the entire 68-km section of the road.

Thermal denudation processes were identified at two
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Figure 3. Erosion, thermal erosion, and talus and fluvial fans
distribution along the Yuzhno-Russkoe-Beregovoe road.
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Figure 4. Distribution solifluction and thaw slumping on slopes
adjoining the road.

sites composed of ice-rich soil. Thawing of ground ice and
movement of the thawed soil downslope resulted in ground
surface settlement up to 0.8 m across an area of several
hundred square meters.

Analysis of monitoring results shows that erosion was
the dominant exogenic geological process before 2009 (see
Table 1). The previous monitoring results confirm that as
well (2004-2008). By 2009, erosion was brought under
control. Talus and fluvial fans that are widespread along
the road indicate that erosion and thermal erosion are active
prior to the road repair. The fans extend for hundreds and
thousands of square meters. Erosion-control structures
hundreds of meters long were installed upslope from fans.
The number of erosion occurrences and associated erosion-
control structures tends to increase from 0.0 km to 68 km on
the road (Fig. 3).

The processes associated with the occurrence of solifluction
and thaw slumping on slopes are the result of ground
surface leveling during road construction. The increase in
solifluction development and thaw slumping was influenced
by the technogenic transformation of the ground surface.
This transformation had an impact on the vegetative-topsoil
cover, the active layer, and the uppermost permafrost layer.
The area of slopes adjoining the road, where the works were
completed, is an important factor as well. An increase in
solifluction development occurs as a result of the removal of
the vegetative-topsoil cover within large areas on the slopes.
Widespread erosion and thermal erosion as well as slope
undercutting by concentrated water flows were other factors
for the increase in solifluction development. All occurrences
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Figure 5. Distribution of flooded sites in 2004-2008 and culverts
under the roadbed and along the road in 2009.

of solifluction and thaw slumping were observed at the
surfaces underlain by ice-rich or saturated soils. These are
usually slopes adjacent to the shoulders. Initial and re-
occurring solifluction and thaw slumping-affected areas
account for up to several thousand square meters at some
work sites. In 2009, the slope processes were most active
between 0.0 and 10 km and between 60 and 70 km on the
road (Fig. 4). This is associated with soil lithology, ground
ice content, and slope.

Large-diameter culverts were installed in the road
embankment at 32 of 38 of the largest partially flooded sites
that were identified in 2004-2007. At 6 more sites, drainage
was promoted along the road in channels reinforced with
geogrids and crushed stone. Consequently, backwaters were
drained and the area dried out. Minor flooding zones (see
Table 1) identified in 2009 did not exceed 10-20 m in length
and did not pose any hazard to the road.

Only one partially flooded elongated areca 280 m long
remained in 2009 of formerly widespread partially flooded
zones, each of which was several hundred meters long.
The persistence of that last remaining flooded area is
associated with the road crossing a muskeg located within
an erosional-thermokarst valley. The shoulders are partially
flooded due to the settlement of soil characterized by low
bearing capacity, as well as high ground water level. Two
more sites are characterized by regular flooding in spring
and muskeg development in summer and autumn. Stunted
and dead vegetation on the currently dry or drained surface
at several sites along the road sites indicates former flooded
conditions. Culverts were installed at 32 partially flooded
sites. The surface of the sites is dry now, and no evidence
of flooding was observed. The culvert distribution at the
sites (Fig. 5) shows which sections of the road were mostly
affected by flooding prior to drainage work in 2009. The
muskeg portion of the road between 0.0 km and 10 km is the
most flooded. At other sites, the distribution of flooded sites
along the road is more regular.

The total number of culverts under the roadbed is shown
in Figure 6. Elimination of possible flooding sites by means
of culvert installation under the roadbed decreases from
west to east. The terrain elevations on watersheds grow
in this direction from 50-60 m to 60—80 m. The elevation
amplitude between watersheds and water levels in river
channels has the same trend (i.e. it changes from 20-30 m
in the east to 3040 m in the west). The number of culverts

Figure 6. Culvert distribution under the roadbed.

20
2 *
= .
s 15
;g ““‘Hh‘ v=-0,6256x+ 154
2 10 S
E + 4 ~_

~—
5 —
= = .
g ° T~
= -
z + T
0
0 5 10 15 20 25
Number of erosion-preventive structures, units

Figure 7. Dependence between culverts under (across) the motor
roadbed and open erosion-preventive structures along it.

under the roadbed decreases westward with the increase of
the number of deeply incised river and creek valleys. This
is associated with an increase of the relief potential that
improves drainage capabilities along the road and with
subsequent runoff of water under bridge crossings.

The improvement of water runoff conditions along the
motor road increases the potential of erosion and thermal
erosion processes. Thermal erosion does not occur at partially
flooded sites. The number of culverts under the roadbed in
the case of flooding (Fig. 6) and the number of erosion-
control structures (Fig. 3) at the sites with occurrences of
thermal erosion are inversely proportional (Fig. 7).

A comparison can be made with natural conditions
in the permafrost zone, where gully erosion (thermal
erosion) and lake formation (thermokarst) are inversely
proportional (Voskresenskiy 2001, Gubarkov 2009). An
inversely proportional relationship between partial flooding
(the analogue to lake formation) and human-induced gully
erosion (the analogue to gully erosion) exists under the
human-transformed conditions of the Yuzhno-Russkoe-
Beregovoe road.

Conclusions

1) In 2004-2008, erosion and thermal erosion were
the most prevalent hazardous geological processes
along the Yuzhno-Russkoe-Beregovoe road. A sharp
increase in erosion and thermal erosion occurred during
construction of the road and at the beginning of its
operation. From 5 to 20 erosion and thermal erosion
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occurrences were identified for each 10-km section of
the road in the form of gullies up to several hundred
meters long. They are distributed in conformity with the
terrain dissection associated with the depth of incision,
the inclinations of river valley slopes, and the slope
lengths.

2) The process of solifluction and slumping of the
thixotropic soils was identified on the slopes adjoining
the road. The distribution of this process has no clear
spatial dependence associated with road construction.
The increase in development of solifluction is influenced
by the surface inclination and technogenic impact on
the tvegetative cover, topsoil, and on the properties of
the thixotropic soils that often have high ice content.

3) In 2009, flooded areas were eliminated at all sites with
the help of culverts installed in the road embankment.
Erosion-control structures and culverts were also
installed in ditches reinforced with geogrids.

4) 1In 2009, all occurrences of erosion and thermal erosion
were eliminated. This should completely prevent their
impact on the road in the future. Simultaneously the
slopes adjoining the most erosion-prone sites were
reinforced. This also averts the hazard of solifluction
and sliding of thixotropic soils.

5) Exogenic geological processes characteristic of natural
conditions exist in the human-transformed northern
taiga. Erosion and thermal erosion are inversely
proportional to lake development in natural conditions
and with flooding in human-transformed conditions.
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Abstract

Coding (indexing) of frozen ground types is proposed in accordance with their physical properties. The coding is based
on the state standard classification (GOST) and the results of long-term laboratory studies.

Keywords: engineering element; frozen ground; geological element; ground variety; ground properties.

Introduction

Engineering geological elements and specified ground
elements are to be distinguished in the ground massif during
the geotechnical site investigations for construction in
accordance with the existing regulations (SP II-105097. Part
I, GOST 20533-96) and based on the results of laboratory
studies.

The engineering geological element (EGE) is the ground
region that is characterized within each EGE by a complex
of constant (uniform) indexes based on genesis, age,
composition, structure, ground condition, or properties (or
one of them). If an EGE is uniform in geological and genetic
as well as lithologic and petrographical respect and contains
a part of a section with the variability of composition,
structure, and properties, then it can be divided into a
number of elements (Trofimov 2005).

Calculated ground elements (CGE) are ground
regions that are characterized by a specific physical and
mathematical ground model of the “structure-base” system
and a set of numerical values of physical and mathematical
characteristics corresponding to this particular model.

The comparison of frozen ground properties by EGE is
often regionally specific and predetermined not only by the
genesis and the age of deposits, but also by the condition
of their freezing (epigenetic or syngenetic). Therefore, an
EGE-based frozen ground analysis for making engineering
decisions can be difficult. A single EGE may combine
a whole range of CGEs sharing certain physical and
mechanical properties. In the same way, one CGE may be
found in different EGEs.

Discussion

In practice, every geotechnical company uses its own
system to determine an EGE. In the materials from most
organizations that we deal with, EGEs are numbered in
orderly fashion for each new object. They are given in order
from the top to the bottom EGE 1, EGE 2, EGE 3, etc., or by
the lithology, adding complementary alphabetic characters
“a,” “m,” etc., for specific ground type (including frozen
ground). Sometimes more complex numerical indexes are
used.

Asan example, in Table 1 we provide indexes that different
geotechnical companies use for a range of ground varieties.
They were applied in surveying at the same site (an areal
and linear sites complex). The table demonstrates that the
basic physical characteristics of the elements, distinguished
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by different organizations, are similar. However, the coding
of the elements differs, so a system of comparison of the
elements is required to make unified design decisions.

With this approach, the synthesis and analysis of the
results of the investigations are very difficult. This especially
concerns the test results of the physical and mechanical
properties of frozen ground. When different companies
determine EGEs according to their own systems, engineering
decision-making for construction becomes much more
complicated. There are many cases when challenges arise
even during the investigations conducted by only one
company at the same site, since new ground types are
determined in the course of more detailed surveys (passing
the stages, feasibility study, working documentation), which
changes the whole EGEs numeration.

In the early 2000s, when development of the previously
explored oil and gas deposits commenced, our permafrost
laboratory started receiving a large number of frozen
ground undisturbed samples from the oil and gas facility
construction sites in the Russian North. The laboratory was
asked to determine the physical and mechanical properties
of these samples. It was then that we had to face the problem
of summarizing results of geotechnical site investigation.
This was impossible to do without a unified coding system
of ground types.

During geotechnical site investigations, grounds are to
be classified in accordance with GOST 25100-95 (Grounds
Classification). From our point of view, it is advisable to
carry out the classification on the basis of this state standard.
GOST 25100-95 provides types of each class of ground
(rocks, soils, frozen) based on their physical properties (as
well as some mechanical properties). EGEs and CGEs are
formed based on the types of grounds or their total. We
have developed a system that allows us to assign a personal
classification code to each ground type, reflecting its type
according to its particle size distribution, plastic limit, the
presence of inclusions, plasticity index, salinity, peat content,
ice content (for frozen ground), etc. This work resulted in
a unified classification system for grounds common in the
cryolithozone. It is based on the works of our colleague,
engineer S.M. Miklyaev, and is supplemented by the results
of the research carried out on multiple sites in the Far North.

In this paper, we present coding (indexing) of different
ground types according to their physical properties, based
on the State standard classification with a few additions
based on the results of our research (Table 2).

We have been using this coding system for more than
10 years at oil and gas field development sites (Varandei,
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Table 1. Comparison of the elements, distinguished by different surveying organizations at the same site.

Organic
Ice content matter
Surveying Element index Total moisture Density Total ice content of Salinity
oreanizati o 3 . . content o
ganization W, % p,g/cm I, ut inclusions (O.M.) D %
I, uf <y i
0
Fine sand with low ice content
Company Nel EGE 13 19.0 1.97 0.35 - - >0.05
--------- (=mmmmm N2 EGE 25 21.0 1.94 0.37 - - -
--------- «-=----- Ne3 EGE 3a 17.0 1.86 0.26 - - -
--------- «=------ No4 EGE 2a 23.0 - 0.33 - - -
--------- «-==---- N5 EGE 448 23.0 1.93 0.39 0 - 0
* G.20.1 18.5-22.6 1.84-1.94 0.33-0.38 0 <0.3 0.01
Sandy silt with low ice content
Company Ne2 EGE 26 20.0 1.94 0.38 - - -
--------- «------- N5 EGE 458 25.0 2.0 0.44 0.07 - -
* G211 17.9-23.1 1.94-2.05 0.34-0.40 - - -
Heavy and light clayey silts , frozen, with low ice content
Company Ne2 EGE 21 30.0 1.84 0.29 0.15 3.0 -
--------- «-==-=-= Ne3 EGE 21. 27.0 1.91 0.21 0.1 - -
--------- ) EGE 209 353 1.79 0.14 0.02 - -
* G.29.33.1 16.0-36.5 1.68-2.10 0.15-0.33 <0.2 <3.0 <0.06

* Ground laboratory and the frozen ground testing sector of “Fundamentproekt” Open Joint-Stock Company conducted tests at the sites
of all geotechnical companies listed above. Characteristics obtained by “Fundamentproekt” are presented as intervals of specific values
corresponding to all sites. Those of other organizations are presented only as estimated values.

Bovanenkovsky, Urengoy and Yamburg Oil and Gas
Condensate Fields, etc.), at other industrial and civil
construction projects (factory sites, power stations,
roads, power lines, etc.), at the sites of third-party survey
organizations (when “Fundamentproekt” performs a
particular set of work, including frozen ground tests), and of
course in our own research.

While working with this coding system, we faced the
fact that visible ice inclusions are not observed in sands,
because under natural conditions they usually have a
massive cryogenic structure. That means their ice content,
based on visible ice inclusions, equals zero. At the same
time, sands can have different total moisture and ice content
and, therefore, differ in physical and mechanical properties.
This is what made separation (and indexing) of total ice
content of sand, which is not covered by the contemporary
state standard (GOST), also necessary. The classification is
our proposal for distinguishing types of sands by the total
ice content. It has been approved and included in the State
standard. It should be noted that, at present, we do not use
the classification of frozen ground based on temperature
and strength properties (Table B.30 GOST 25100-95),
because currently there are no clear quantitative criteria for
distinguishing them.

Distinguishing sandy and silty varieties of clayey silts and
sandy silts for practical purposes is carried out rarely, with
the exception of special studies.

Below are examples of coding and a sequence of indexes
distribution of typical dispersed frozen ground varieties:
* A.24.2 — seasonally thawed sandy silty loam (sandy,
plastic);
* C.33.c —cooled clayey silty loam (heavy, silty, heavily
saline);
* D.20.2 — frozen sand (fine, icy);

«  D.29%.a.2.1 - plastic frozen clayey silty loam (light, silty,
slightly peaty, slightly saline, with low ice content).

Conclusion

The proposed classification scheme enables statistical
processing of ground test results with consideration for
the combination of their physical properties, formed in the
process of cryolithogenesis with the distinction of calculated
geological elements (Table 3).

The ground elements comparison system is essential
in the process of developing the unified project decisions
on the territory of permafrost. It is impossible without a
unified indexing system of ground varieties, which we
have proposed on the basis of GOST 25100-95 (Grounds
Classification) and GOST 20522-96 (Grounds Methods of
statistical processing of test results).
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Table 2. Universal indexing of cryolithozone dispersed ground types, based on GOST 25100-95 Grounds Classification.

I. According to cryolithozone ground conditions

Index Ground condition
A active layer ground
B thawed (non-frozen) ground
C chilled ground
D frozen ground

1 bouldery ground (blocky)

2-5 bouldery ground divided by the matrix composition according to Table B.10 (Note)

6 pebble/cobble ground (

7-10 pebble ground divided by the matrix composition according to Table B.10 (Note)

11 gravelly ground (gruss)

12-15 gravelly ground divided by the matrix composition according to Table B.10 (Note)

16 gravelly sand

17 sand with gravel

18 =21 | coarse sand to silty sand divided by the matrix composition according to Table B.10
22 gravelly sandy silt
23 sandy silt with gravel

24-25 24, 25 — sandy silt, divided by particle size distribution according to Table B.12

26 light gravelly clayey silt

27 light clayey silt with gravel

28,29 light clayey silt divided by particle size distribution according to Table B.12

30 gravelly sand (gruss)

31 heavy clayey silt with gravel

32,33 24,25 — heavy clayey silt divided by particle size distribution according to Table B.12

34 light gravelly clay

35 light clay with gravel

36,37 24,25 —light clay divided by particle size distribution according to Table B.12

38 heavy gravelly clay

39 heavy clay with gravel

40 heavy clay (without gravel)

41 Organic silt

42

Organic clayey silt

43 Organic clay

44-46 peat divided by the degree of decomposition according to Table B.23

II. According to material composition according to the degree of salinity — lower case letter (Grounds D, C based on SP 11-114-

2004, Table 6.7)

a slightly saline
b moderately saline
c heavily saline

According to the degree of organic content — upper index (Grounds D, C based on SP 25100-95)

| a,b,c,d | mixed with organic matter — heavily peaty clayey grounds and sands divided according to Table B.22 |

III -1. According to ice content by visible ice inclusions (Frozen grounds (D) based on GOST 25100-95)

| 1-4 | with low ice content - with very high ice content divided according to Table B.29 |

III -2. According to hydrophysical properties (Thawed grounds (A, B) based on GOST 25100-95)
According to the degree of water saturation - coarse soils and sands

1-3

low degree of water saturation - water saturated separated coarse soils and sands
according to Table B.17

According to liquid condition - clayey soils

1-6

solid — fluid clayey silt and clays divided according to Table B.17

1-3

solid — fluid sandy silty loams divided according to Table B.17

I1. Name of ground according to granulometric composition (Grounds A, B, C, D, based on GOST 25100-95, according to Table B.10)
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Table 3. Summary table of physical and mechanical properties of frozen clayey silts at T = -1° (pipeline system «Zapolyarye — Pur-Pe», NPS-2).

Ground Moisture Density Characteristic Estimated Number of Ground safety Var1at1.0n
Index p, o . coefficient
name W%* kgfom? value value definitions coefficient y, v
estimated
equivalent
- adhesion
= P
2 16.4-20.5 1.97-2.07 Seq. MPa 0.290 39 1.03 0.18
g 17.8 203 | (with
o ' ‘ consideration for
= transition
E coefficient)
k= shear strength
B along the
§ 14.2-32.0 1.91-2.48 | adfreeze plane 0.066 10 1.06 0.16
_ £ 23.4 2.03 with metal
- ) R’ MPa
i frozen ground
2 -
Q compressibility
g coefficient ** 0.071 10 1.08 0.15
E{) me.l-O.}“’ MPa-l
o frozen ground
2 .
5] 15.8-18.1 2.00-2.16 | deformation
E‘ 17.1 2.08 modulus**, 9:50 10 L 0.24
3 E, " MPa
initial freezing
temperature -0.4 38
Tbt’ °C

* - may differ, because grounds from different depths are chosen for different tests depending on the interaction between the foundation and
foundation ground
** - in the range of normal pressure 0.1-0.3 MPa
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Main Types and Causes of Deformations on Railways and Roads
in the Norilsk Industrial District
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Abstract

The main types and causes of deformations of the road network in the Norilsk industrial district are discussed based
on field observations and the study of published materials. The deformations are subdivided into major morphological
types, and the explanation of their origin is given. It is discovered that underflooding, thermokarst, thermal erosion
processes, and structural disadvantages of linear structures are the main reasons for deformations on railways and

roads between Norilsk and Talnakh.

Keywords: cryolithozone; deformations; monitoring; Norilsk; roads; thermokarst.

Introduction

The Norilsk industrial district is one of the largest
industrial complexes in the area of the cryolithozone.
Railways and roads form the basis of the transportation
system of the district. They connect large population areas,
mineral mining and processing centers, and transportation
sites including Norilsk, Talnakh, Kayerkan, Dudinka, and
Alykel. The roads connecting the two largest populated
cities and industrial centers, Norilsk and Talnakh, are the
busiest. Roadbed and embankment deformations under the
impact of cryogenic processes lead to the reduction of road
capacity and operational safety.

The problem of stability of linear structures in this region
has a long history. Nonetheless, the study of the underlying
reasons for deformations has been insufficient, and therefore
measures taken for the stabilization of roads do not produce
the required results.

The author carried out a series of field and analytical
investigations to determine the main causes of roadbed
deformations in the Norilsk industrial district.

Study Area and Methodology

Environmental conditions of the region

The district is located within the Norilsk inter-mountain
depression. The annual mean air temperature is -10.9°C. The
vegetation is dominated by larch forests with small-leafed
species (primarily, birch and alder). There are also locations
(especially in the area of Norilsk and to the west of it) with
exclusively dwarf-shrub and shrub vegetation. The deposits
of the Valkovskaya lacustrine-fluvial terrace consisting of
icy fine-grained sediments (mainly clayey silt and clay) with
massive ground ice and a repeated network of ice wedges
serve as a foundation for linear structures. The thickness of
such deposits can reach several tens of meters. The mean
annual ground temperature is usually within the range -3 to
-5°C. Nonetheless, about 30% of the area is occupied by talik
zones (Sheveleva & Khomichevskaya 1967). Alternation of
thermokarst depressions and cryoplanation surfaces is the
main feature of the terrain of the Valkovskaya terrace.

Railways and roads
The investigation was conducted within the oldest part
of the railway in the Norilsk industrial complex, from

133

the Valek pier to Golikovo Station (the city boundary of
Norilsk). This part was constructed in 1935 in a very short
period. There were only 9 days between the date when the
decision was made to build the railroad and the date when
construction officially began. This obviously influenced the
quality of the project decisions and the quality of the road
construction. In the 1960s and 1970s, the route of the railway
was straightened in order to increase the rail capacity (for
the purpose of ore transportation from Talnach). There are
now two embankments of the railway, the operating one
(straighter in plan) and the abandoned one (Fig. 1).

The modern Norilsk-Talnakh road with an asphalt cover
was built in the 1960s and 1970s. Prior to that, an unpaved
dirt road connected Norilsk with Valek Village and the
village in the area of the future Talnakh city. The new paved
road to Valek Village was mainly built along the old dirt
road. The combined auto and railway bridge crossing the
Norilskaya River was commissioned in 1963. The rail and
motor road routes at the site from Golikovo Station to Valek
Village are located at a significant distance from each other.

!d"
o't
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Figure 1. Corridor of the Norilsk-Talnakh railway at the Golikovo-
Valek section. The embankment of the operating railway is
marked in green and the abandoned embankment in yellow. The
waterlogged sites formed after road straightening are hatched in
red. Google image library.
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The auto road and the railway are located within one corridor
from the bridge crossing of the Norilskaya River to Talnakh.

Along the entire length, the railway and the auto road are
constructed on embankments. The height of the embankment
varies at different sites from slightly above 1 m to almost
20 m. The auto road embankment, as compared to the rail
one, is significantly lower (4-6 m on average). Gravels with
fine-grained soil filling (up to 30—40%) were used as material
for the embankments. The water permeability of such
ground is comparatively low; there is no cold air convection.
The large width of embankments at the bottom reaches up to
60-80 m at some locations and leads to waterlogging near
the embankment slopes.

Research methodology

Six km of rail and 18 km of auto roads connecting
Norilsk and Talnakh were investigated in September 2010.
The investigation included observations along transects,
the study of satellite images, and the analysis of archive
materials. The nature and scale of roadbed deformations
were registered along transects, and the general state of
the roadbed elements and the development of exogenic,
including cryogenic, processes at the adjoining territories
were evaluated. Satellite images were primarily used to
determine the extent of waterlogged areas. The analysis of
archive materials (mainly for the auto road) allowed us to
evaluate the dynamics and the periodicity of deformations
at different parts of the road. The layouts of the roadbed
sites with especially hazardous deformations were prepared
after the processing of materials obtained as a result of
field observations and the analysis of satellite images. The
reasons for the development of specific types of deformation
were evaluated based on the generalization of the obtained
materials and on the analysis of scientific literature.

Results and Discussion

Field observations show that deformation developed on
at least 50% of the lengths of the auto and rail roadbeds.
Deformations have different shapes and scales of occurrence.
Those threatening safety were found approximately every
3 km. The main types of deformations of the investigated
linear structures can be divided into the following groups:
“long-wave longitudinal deformations,” which are regular
changes of the longitudinal roadbed slopes in conformity
with the natural terrain topography; local subsidence
of the main embankment; deformations of the roadbed
under low embankments; stepwise subsidence of the main
embankment; and deformations associated with the changes
of the angle of embankment slopes.

Long-wave longitudinal deformations

The formation of long-wave longitudinal deformations
(Fig. 2) is evidently associated with the peculiarities of the
interaction between high embankments and permafrost in
foundation beds (bases). In particular, it is associated with
the regularities of depression of the top of the permafrost
depression at locations where the railway intersects
thermokarst depressions and planation or residual surfaces.
It is known (Lisitsyna et al. 1989) that the greater the
cross-sectional height of the embankment, the higher the

Figure 2. Long-wave longitudinal deformation of the rail roadbed
near the Valek crossing loop. Length of wave ~ 120 m.

temperature increase in its base, if other factors are held
constant. The change of the embankment height moving from
the depression to the residual surface can cause unevenness
of the top of the permafrost in the embankment base and, as
a result, lead to deformations at a scale comparable with the
scale of the natural terrain change in the embankment base
(Fig. 3).

Deformations of this type are most widely distributed
within the study area. Their amplitudes range from several
tens of centimeters to several meters; their lengths usually
exceed 50 m and can reach hundreds of meters.

Long-wave longitudinal deformations are comparatively
low-hazards because they form insignificant inclines. These
cannot significantly influence safety. Nonetheless, such
deformations can increase the wear of rails, force a reduction
of operational speeds, and increase fuel consumption.

Local subsidence of the main embankment

The formation of local subsidence (Fig. 4) is mainly
associated with the embankment crossing perennial or
temporary rills and drained hollows. Rills can form local
waterlogging zones near embankment slopes, and water can
drain through the embankment body or the thawed ground
under the embankment. The constant presence of local
flood and drainage zones where the embankment crosses
the valley bottom causes thawing and subsidence of the
ground and the embankment. Local subsidence is usually
up to several meters in length. The development of local
subsidence with complex configuration was noted in the
process of the investigation of the Norilsk-Talnakh auto
road. It evidently repeats the shape of channels draining the
local waterlogged zones. In terms of transportation safety,
such local subsidence sites are more hazardous than long-
wave deformations because they cause abrupt changes in
the roadbed configuration at short fragments and intensively
deform the roadbed. Local occurrences of subsidence are
more characteristic of low (up to 10 m) embankments. This
is associated with a higher shock-absorbing capacity of high
embankments.

Deformations of the roadbed under low embankments

It is important to individually describe the problems
of rail roadbed deformations at the zones of low (up to
2—4 m) embankments. The part of the low rail embankment
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‘Wave length > 25m

Natural terrain prior to construction
Designed position of the railway

Railway position as a result of long-wave
deformations development

Figure 3. Diagram of long-wave longitudinal deformations.

L 4

Permafrost roof position prior to construction

—— —— Assumed permafrost roof position after construction

1 Intensity of load impact from the embankment
on the grounds - bases

Figure 4. Local subsidence formation on the Norilsk-Talnakh auto
road.

(0.7-3 m high) investigated between Golikovo Station and
the Valek crossing loop is characterized by high intensity
of both longitudinal and lateral deformations of the rail
roadbed. These deformations have relatively low amplitudes
(Fig. 5). A low height and a comparatively small area of
the embankment lead to higher intensity of dynamic loads
from passing trains as compared to high embankment zones.
The observed intensive deformations are most probably
associated with rheological processes, creep in particular,
occurring in permafrost (Vyalov 1978) under the impact of
dynamic loads. Permafrost thawing caused by waterlogging
increased the likelihood of creep processes.

With such deformations, the speeds of transport movement
are limited severely, frequently to very low speeds (10 km/h
at the site under study). The rail and grating fails very
quickly and requires replacement as a result of the stresses.

Deformations associated with the change in the angle of
embankment slopes

The deformations associated with the change in the angle
of embankment slopes are primarily formed as a result of
embankment waterlogging and abrasion of thermokarst
lake shores along the road route. The natural change of
the position of thermokarst lakes (shore abrasion toward
the dominating winds in particular) is evidently not taken
into account in the design. Consequently, the embankment

Figure 5. Nature of deformations on the low embankment zone.

bottom frequently goes directly into the lake, while thermal
abrasion of natural and technogenic ground develops.
Straightening of the railroad route at the Golikovo Station
Valek site led to the formation of new waterlogging zones
that are currently suffering intensive deformations (Fig. 6).
Embankment waterlogging is accompanied by lowering of
the permafrost surface. The permafrost surface is lowered
by 1.5 m and more even under small lakes several tens of
centimeters deep that are formed at the embankment base.
This is two times higher than at the adjoining sites outside
the waterlogging zone. Even greater depression of the
permafrost surface can be expected in locations with larger
lakes.

Permafrost thawing in the embankment base causes
ground subsidence and, consequently, an increase of the
slope steepness. This, in turn, leads to the intensification
of the processes of erosion and mass movement of the
embankment material (Fig. 6). Since the impact of
waterlogging decreases with the increase in distance from
the slope, differential permafrost thawing in the embankment
base leads to lateral deformations. This causes curving of
the rail track or cracking of the asphalt coating.

Stepwise settlement of the main embankment
Stepwise settlement of the main embankment site is another
process associated with waterlogging and thermokarst.
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Intensive deformations zone

—— Grounds surface in case of construction

Assumed surface level in case of flooding processes
development

——— Permafrost roof in case of construction

Assumed permafrost roof position in case of
flooding processes development

\L Zones of intensive permafrost roof depression

Figure 6. Development of deformations due to the increase of
the embankment slope steepness as a result of waterlogging.

This process is most characteristic of the auto road
sites waterlogged on one side only. The formation of
deformations of such type is associated with the irregularity
of permafrost thawing and settlement and with formation of
asphalt “steps” (Fig. 7).

Such “steps” can frequently occupy a significant part of
the embankment slopes. The difference in levels between
“steps” can reach 5 cm. The stresses caused by differential
embankment settlement lead to the formation of cracks in
the asphalt coating and its intensive destruction. Complete
destruction of the road coating can occur in case of the
development of intensive deformations, as is shown in
Figure 7.

Conclusions

The results of field investigations and their analysis
show that the development of waterlogging, thermokarst,
and thermal erosion processes is the main cause of road
deformations within the study area. Both natural conditions
of the region (widespread presence of ice-rich ground, poor
drainage of the area, etc.) and structural disadvantages of
linear structures (in particular, very limited presence and
unsatisfactory work of the existing drainage structures)
favor the activation of these processes. The comparison
of the results of investigations conducted by the author
with the previous findings shows that the development of
deformations continues despite the fact that the roads have
been operated already for several decades. For example,
the number of Norilsk-Talnakh auto road locations with
significant deformations grew by number and extent
compared to 2006. A decrease of deformations is unlikely
under the process of further operation. Their development
will most likely continue.

Figure 7. Stepwise settlement of the main embankment site of the
Norilsk-Talnakh auto road.

A detailed catalog of locations experiencing deformations
was prepared based on the investigated results. It contains site
references, brief descriptions, and layouts of deformations.
This catalog aids in the preparation of a detailed program
of geocryological monitoring and recommendations for
roadbed stabilization.
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Abstract

Description and analysis of glacial topography on the Putorana Plateau based on satellite and aerial images are provided.
Geographical zonation of the northwestern part of the Putorana Plateau based on the combination of geomorphological
features and the distribution of snow and ice complexes is developed. The possibility of the existence of glaciers on
the Putorana Plateau under conditions of modern occurrence is discussed. Planning of investigations in the area of the
maximum spread of modern glaciation in the future is suggested.

Keywords: glacial topography; glaciers; Putorana Plateau.

Introduction

The Putorana Plateau is the highest part of the
northwestern region of the Central Siberian Plateau. The
maximum elevation of the plateau is a nameless mountain
1701 m high.

The existence of glaciers in the area is determined by
several factors: negative mean annual temperature and low
summer temperature accounting for solid precipitation and
slight ablation in the warm period; increased accumulation
of solid precipitation due to snow drifting and avalanche
nourishment mainly on the northern and eastern slopes; the
occurrence of solid precipitation at any season of the year;
high, elevation of the terrain as compared to the rest of the
plateau; and, as a result, the interception of moisture-laden
flows from the west. However, the elevation of the plateau
is not sufficient for strong glaciation because a large part of
it lies below the climatic snow line. The relief is dissected to
a significant degree. There are considerable negative relief
forms where snow tends to accumulate and persists in the
shade for a long time.

There is no consensus among scientists concerning the
boundaries of the Quaternary glaciation (Markov 1965,
Grosswald 1999, Bolshiyanov 2006). However, they all
agree on the fact that these boundaries used to be much
greater than now. It can be stated that modern glaciation
presents a regressive phase of one long cycle.

At present, the area of maximum glaciation is in the
northwest of the plateau where 22 glaciers with an area of
2.54 km? are located, based on the catalog of USSR glaciers
(Koryakin 1981), or 61 glaciers with an area of 7.1 km?
(Sarana 2005). They occupy slopes and kars of mainly
northern and eastern exposure. As can be seen from the
presented information, all these glaciers are small.

A variety of glacial and fluvioglacial relief forms confirm
that large glaciers existed on the Putorana Plateau in the
past. Such relief is found almost everywhere on the plateau.

Methodology

An interpretation of aerial photographs was made for the
area of the most recent glaciation. The photographs were
taken on July 31, 1987, and have the scale of 1:25,000. We
also carried out the interpretation of satellite images of the
area in the visible range. The images were of the same scale
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and were taken in August of 2006-2008 with the resolution
of 30 m/pixel. The major interpretation characteristics
(shape, size, texture, color) were identified (Table 1), based
on the combination of which sites were selected. Literature
sources and topographic maps of the area were used as well.
The Maplnfo software was used to select sites and calculate
their areas.

Topography of the Northwestern Part of the
Putorana Plateau

The selected relief forms are presented in the
geomorphological chart (Fig. 1). Tectonics was the main
force that created the plateau’s topography. Plateau-like
forms as well as fractures were created. A large area is
occupied by slopes of the first order. Most often, they are
steep (10-25 degrees). On such slopes there are cirques
where snow patches and glaciers are located, and these in
turn feed the rivers. There are snow patches and glaciers in
the cirques, mainly located in the southeastern part of the
area. The slopes of the second order are dissected by pit-like
hollows of a much smaller size (kars), which are extremely
numerous. Kars have mainly northern and eastern exposure,
and their formation is directly related to snow patches.

The topography created by ice accumulation activity of
the glacier is represented by dumped moraines. They are
found along the sides of trough valleys in the form of a lateral
moraine, which is not always clearly visible. Asymmetry is
observed as well; a moraine is found only at one side of
the valley. Dumped moraines often occur at the bends of
the valley; they are shorter and crescent-shaped. The end
moraine is found only in the most western part of the area.
It is eroded by the river. The moraine stands out through its
shape and granular texture.

Relief forms created by fluvioglacial processes are
represented by two types of plains: hummocky-pitted and
outwash ones. The formation of marshes takes place due
to minor inclines and the presence of permafrost. Small
lakes develop in the pits. The plains in the selected area are
represented by depressions between larger massifs.

Topography created by gravitational processes is
represented by two types of slopes: slump-talus and
avalanche ones. Slump-talus slopes vary in steepness, which
determines the rate of slope processes. Snow patches and
glaciers are not located on very steep slopes, as they do not
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Table 1. Interpretative characteristics and a brief description of nival-glacial systems and the elements of the relief.

Object / Site Color Texture Shape Size, km Characterization
. flat objects of irregular length — about .
lava plateaus gray-beige granular shape 5. width — 1.5-4 plateau-like, flattened plots
entire set of seasonal, perennial
nival-glacial . rounded or elongated along the long snow patches and glaciers in the
complexes white even-textured objects axis — 0.1-6.4 | photographs with area of more than
0.05 km?
valleys with green, elongated trapezoidal length — 13-25, parts .Of Q-shaped valleys, t h.e rver
expressed . granular . ; flowing in such valleys originated
yellowish objects width — 1.5-4 . .
troughs in the cirque
objects elongated along
nival-glacial light-gray, with non- the e(':lge of plateal}—hke length — up to . '
slopes of the . sections, often with a . steep slopes with numerous cirques
brown sorted circles . 14, width — 2
first order wavy structure, in the
concave parts — cirques
nival-glacial . steep slopes with numerous kars,
slopes of the black, with non= irregularly shaped length —upto which are often filled with seasonal
brown, gray | sorted circles 10, width — 2
second order or permanent snow patches
moraine ridges ray, brown. clongated, ellipse-like
& gray, brown, granular objects, straight and 1.5-12. lateral and end moraines
and mounds green
curved
hummocky- with non- . length — 4-5, parts of valleys with hummocky-
itted plains green sorted circles irregularly shaped width — 20-40 pitted topography, the area of hills
p P about 0.25 km?, shallow lakes
width — more low-angled parts of valleys
outwash plains green granular irregularly shaped than 40, length with frequent meanders, former
—more than 5 riverbeds, lakes
slump-talus very longitudinally | objects extending along length — 8,
steep slopes black, gray banded plateau-like sections width — 1-1.5 slopes steeper than 20 degrees
slump-talus,
steep and black, canular irrecular shape length —up to steep slopes without pronounced
of average brown, gray & & P 14, width — 2 glacial transformation
steepness
slump-talus areen, obgects of irregular shape length — 5-13, slgpf:s w1'thout ex.pressed glacial
low-angled granular with a slope less than 10 : activity with gradient less than 10
brown, gray width — 3-5
slopes degrees degrees
objects elongated along
avalanche transversely the ec!ge of plateau—hke length — 10-12, steep.slopes leth clearly expres§ed
gray, brown sections with a large . multiple erosions often filled with
slopes banded width —2
number of avalanche avalanche snow patches
channels

create conditions for the accumulation of snow. Avalanche
slopes are marked by erosion trenches that create a special
pattern. They are easily distinguished in the picture. Erosion
trenches create conditions for the accumulation of avalanche
snow. Such slopes are located on the periphery of the plots
and on the slopes of southern exposure. Apparently, they are
associated with strong thawing on the south side. Avalanches
are frequent on these slopes.

The Putorana Plateau is located in the permafrost region,
which is reflected in the topography. Permafrost-related
processes are often superimposed on other processes or
serve as their catalysts. For example, they act as suppliers
of fragmentary material (frost crushing and weathering) on
gravitational slopes. Solifluction terraces are sometimes
found on turfed slopes. Besides, under the cover of moraine
material, one can often find buried ice that gradually melts,

forming conical depressions. Frost cracking and heaving
occur on the plains occupied by marshes. Therefore, the
marshes have a hummocky nature. The average thickness of
permafrost in the massif ranges up to 600 m. The Imangda
River is too shallow for the formation of a large talik. In
winter it freezes completely, and ice crust is formed in its
wider parts. Basalts that predominantly compose the massif
freeze stronger than unconsolidated fragmentary material.
That is the reason for the formation of frozen rocks.

Geographical Demarcation of the
Northwestern Part of the Putorana Plateau

We identified various relief forms for the chosen region.
Some of them are of glacial origin. A number of zones were
singled out based on the combination of all the features of
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Figure 1. Geomorphological map of the northwestern part of the Putorana Plateau

the identified forms and on the location of snow patches
and glaciers (Fig. 1). Their area is nearly identical (about
600 km?). This is the northwestern part or the area with
the maximum spread of nival-glacial complexes. The
northeastern area is an area with many nival-glacial systems
occurring mainly in kars. The southwestern area is an area
with a scattering of small nival-glacial complexes, a small
number of kars, and mostly low-angled slopes; steep slopes
have a southern exposure that does not create very favorable

conditions for glaciers. Moraine ridges are not expressed;
these are the regions with the most developed plains. The
southeastern area is an area that has a small number of snow
patches but a large number of moraine ridges and cirques,
which indicates glaciation occurring in the past. Snow
patches and glaciers do not fully occupy the kars. There
are certain forms of topography that could be formed only
by large glaciers. This indicates a discrepancy between the
relief forms and glaciation (Kalesnik 1963). Undoubtedly,
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the glaciation here was much more extensive in the past than
it is now.

The development of glaciation and the transition of the
modern phase to the progressive one are possible on the
Putorana Plateau under the conditions of a cyclical climate.
This hypothesis is being tested.
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Implementation of Mathematical Landscape Morphology Methods for Estimating
Risk of Damage to Linear Engineering Structures due to Thermokarst Processes
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Abstract

A method is suggested to estimate the risk of damage to engineering structures due to thermokarst processes with
the help of mathematical landscape morphology methods. The assumptions that were used as the basis for modeling
territories with thermokarst processes are presented and substantiated with experimental data. A series of images
showing the distribution of thermokarst lakes were digitized to validate theoretical assumptions and results of
mathematical analysis. The results show general correspondence between calculated and empirical data.

Keywords: landscape mathematical morphology; probability distribution; thermokarst dynamics; remote sensing; risk

estimates.

Introduction

Assessment of risks associated with hazardous geological
processes is one of the most challenging tasks of geology.
It is especially important in the rapidly changing natural
conditions of northern regions. Considerable research has
been devoted to estimating risks of damages to engineering
structures (Elkin 2004, Estimation and management...,
2003, Ragozin 2003). Statistical approaches of risk
assessment are associated with difficulties related to the
absence of long-term data and information required to
develop reliable statistical relationships. Mathematical
landscape morphology methods were suggested as another
alternative approach to avoid this problem (Viktorov 1998).
Mathematical landscape morphology is a branch of
landscape science that studies quantitative principles of
natural mosaic structures formed on the Earth’s surface as
well as methods of mathematical analysis of these mosaics.

This paper aims to develop a quantitative risk estimation
procedure for linear objects by using mathematical landscape
morphology methods.

Landscape pattern models are based on the use
of mathematical dependences between geometrical
characteristics of major landscape patterns.

The mathematical model of morphological structures of
lacustrine thermokarst lowlands was developed within the
mathematical landscape morphology principles and is based
on the following suppositions (Viktorov 1998):

1) The process of formation of initial depressions is
stochastic and independent. Initial thermokarst
depressions formed simultaneously. The probability of
formation of one depression in the area depends only on
the area’s size, with a much higher probability than the
formation of several depressions.

The growth of thermokarst lakes by a thermo-abrasion

process progresses independently in different lakes. It

is directly proportional to heat accumulated in the lake
and inversely proportional to the surface area of the
lake basin below the water level.

These assumptions allow wus to derive equations

parameterizing territories affected by thermokarst processes

(Viktorov 1998). The resulting equations include:

e probability distribution of the number of thermokarst

2)
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lakes (k) formed in a given area over given time
(Poisson process)

k
P(k, t) — (/”JS) e*lts
k!
where A is the average number of depressions forming in
the unit area per unit time; s is size of the area; t is time.
e probability distribution of thermokarst lake radius
change (Wiener random process with regard to
diameters logarithms)

_(n x—at)2
/(%)=
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where o, ¢ is distribution parameters, t is age of lake.
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Mathematical Model Implementation for
Thermokarst in Lacustrine Lowlands

The model was tested over several regions. Test regions
were selected based on morphological homogeneity and
availability of remotely sensed data. The regions must
be similar in terms of microstructure and background
phototone as well as lake distribution and shape. Figure 1
shows satellite imagery of the selected regions:

e Sredneobskaya lowland in the Valoktayagun River
valley (1);

e Inter-mountain valley in the western part of the Seward
Peninsula (Alaska) (2);

e  West Siberian Plain near the Pyakupur River (3, 5) and
near the Vyngapur River (4).

All these regions consist of tundra plains underlain by
middle-Duaternary alluvial sediments of various ice contents
and are located on river terraces.

The model shows that at a particular moment of time lakes
sizes should have a log normal distribution. Using specially
developed “Vectorizator” software, we digitized the lakes in
each selected region. The water surface contrasts quite well
on images and is visually identifiable. As a result, digitizing
allows us to make a binary representation of the image
without loss of information on lake geometry. An operator
identifies and outlines the lake boundary in the magnified
image fragment in a semi-automatic mode.

Then the software automatically calculates with high
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Figure 1. Satellite images of select test regions (see text for locations).

Table 1. Distribution parameters and their correspondence to log
normal distribution for lake areas.

District 12 number of | x2 value at 0.95
degrees of | significance level
freedom

District 1 13.80 5 11.07 (15.09)

District 2 5.60 5 11.07 (15.09)

District 3 4.02 4 9.49 (13.28)

District 4 6.49 4 9.49 (13.28)

District 5 3.91 5 9.49 (13.28)

precision the diameter, area, perimeter, location of the
center, and other parameters of the outlined area. “Statistika”
software was used to analyze modeled and empirical data
(Table 1).

As seen from the table, the theoretical assumptions
concerning areas with log normality in the selected districts
are true.

The model also shows that at a particular moment of time
in a randomly selected area the lakes must be distributed
according to the Poisson distribution. The analysis was
performed in the same regions. In the “Vectorizator” the
number of lake centers within the randomly selected area (in
this case, it was circle-shaped) of constant size was calculated.
Statistical distributions of lake centers were obtained.
Several experiments were performed for each region
with circles of various diameters. Then in the “Statistika”
software we obtained distribution parameters and checked
the correspondence with the Poisson distribution. Most of
the obtained results correspond to the Poisson distribution at
the 0.95 significance level.

Figure 2. Partial image of region
No. 5.

To study the dynamics of morphological structures related
to thermokarst development, a West Siberian plain region
near the Pyakupur River was selected. Materials for various
periods were used in the study (1987, 2001, 2007). Satellite
images (Landsat, IRS) and maps (Fig. 2) were used as a
source of information about the morphological structure of
the studied territory.

Using the “Vectorizator,” the lakes in the selected region
for each date were digitized.

In order to evaluate the significance of the changes, the
image interpretation error was estimated. To estimate the
error, multiple independent measurements of lakes within
various areas were performed; the root mean square
deviation was considered to be the limiting error (Fig.3):

Points on the graph indicate actual errors, while the solid
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Figure 3. Graph for the 1987 image.

Table 2. Distribution parameters and their correspondence to the
log normal distribution for lakes area increment.

Year of | x2
imagery

Degree of | 2 criterion
freedom | value at the 0.95

number significance level
2001-1987 | 12.99 |2 5.99 (9.21)
2007-2001 | 11.09 |1 3.84 (6.64)
2007-1987 | 2.51 1 3.84 (6.64)

line shows the relation used to calculate interpretation error
values for lakes of various sizes. The analysis showed that
changes in lake sizes are larger than the interpretation error
even when this highly exaggerated relation is applied.

Size distribution of thermokarst lakes for various periods
of time is similar to a log normal distribution. However, as
seen in the table, the use of chi-square criterion identifies
significant deviations for smaller time periods (14 and 6
years) and correspondence with distribution for a larger
period (20 years) (Table 2).

Thus the suggested mathematical model assumptions
for lacustrine thermokarst plains were verified with
experimental data.

Estimating Risk of Damage to Linear
Structures

The developed mathematical models allow solution of the
problem of linear structure damage by a particular hazardous
process under homogeneous physical and geographical
conditions. Since sizes of focus of hazardous processes
comply with the Poisson distribution and each focus
develops independently, the numbers of damages to a linear
structure by the process will also be distributed according to
the Poisson distribution (Viktorov 2006):

_ [2y(t)L ;(f)]k 29(0) L (1)
P(k,t) = —k! e 3)

where r(f) is an average focus radius at a certain moment of
time ¢ , y(¢) is average density of focus location, L is object
length.

This distribution parameter is equal to the product of
linear structure length, density of focus distributions, and

their average diameter. The average density of damage
sections is:

y1(t) = 25 (O)r (1) @

This means (Viktorov 2006) that the probability that a
linear object will be damaged by at least one focus is equal
to

Pdl (L) =1- e—27/(t)r(l‘)L ®)

Correspondingly, the stability of an engineering structure
(probability of not being damaged by a hazardous geological
process) is described by the following equation:

P,(L)= e—zy(z)?(z)L (6)

It is also easy to obtain (Viktorov 2006) the average risk
(mathematical expectation of damaged district length) to the
linear engineering structure:

R(L)=[l-e7""]L )

The obtained theoretical equations were validated on
several test regions.

Equation 5 for the estimation of probability of linear object
damage was validated based on the following reasoning.
Assume we are in the region before the thermokarst process
begins. Due to the fact that the region is homogeneous,
we have no reason to select any other location for the
linear structure and it may be built in any point within the
district with equal probability. The focus of the process
developed later and could or could not have damaged the
linear structure. The real situation may be modeled as
follows: In the software (with the help of a random-number
generator) we randomly place the linear object (of various
lengths) within the selected region (with already existing
focuses) and then count the number of lines not damaged
by the process. A specific procedure for validation of the
formula (5) was implemented as follows: with the help of
a random-number generator a set of random placements of
parallel sections of various lengths were made for square-
shaped regions containing the digitized lakes. These lines
represented location of the linear structure. Then the number
of lines crossing thermokarst focuses was calculated. The
percentages of sections not damaged by the process focuses
from the total number of the placed sections of the given
length were obtained and compared to the ones estimated by
the formula (stability function, additional to damage).

During calculation, some problems occurred caused by
the fact that lakes may merge together in the process of their
development, and modeling did not account for such cases.
In case of lake merger, the following distribution parameters
are changed: average density of focuses, average area, and
average focus diameter. An effort was made to consider
lake mergers and to recalculate the number of lakes without
separation of merged lakes. The separation was based on
visual estimation. Though it was possible to take merger
into account during calculation of the number of lakes,
some problems occurred with average diameter and area
recalculation. These problems are to be solved in the future.
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Figure 4a. Comparison of theoretical and empirical values of
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Figure 4b. Comparison of theoretical and empirical values of
the stability of linear structure of various lengths to thermokarst
processes (length in pixels — X axis, protection — Y axis) after
lake merger correction.

Nevertheless, even the limited corrections allow significant
improvement in the result (Fig. 4a, before correction; Fig.
4b, after correction).

Conclusions

The results of analysis show a general correspondence
between calculated and empirical data.

The results allow us to suggest a method for assessing
risk damage for engineering structures due to hazardous
exogenic geological processes. The method includes the
following basic elements:

e division of a heterogenecous region into homogeneous
fragments;

e usec of repeated remotely sensed imagery to calculate
model parameters;

e cstimation of average focus density and average focus
diameter for a particular time period,

e calculation of probability of a linear structure to be
damaged.

The results of our study are as follows:

1) Mathematical risk assessment models based on a
mathematical landscape morphology method for
damage of linear engineering structures by hazardous
exogenic geological processes were developed.

2) Models were experimentally validated for the territories
where thermokarst processes develop.

3) The possibility of assessing risk of damage to the

linear engineering structures by hazardous exogenic
geological processes using repeat remote-sensing
images was demonstrated.
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Abstract

We studied the transient layer in three mineral and three and organic permafrost-affected soils from the Sedyaha River
basin located in the northern forest-tundra of the southern discontinuous permafrost zone, Northeast European Russia.
The upper permafrost often appears to have some features of a transient layer. It is a gradual transition zone between
the active layer and the epigenetic permafrost. Based on ice content, the transient layer is better expressed in organo-
genic soils rather than in mineral profiles. A significant increase in the active layer thickness and related subsidence is

demonstrated from the three CALM sites.

Keywords: active layer; Northeast European Russia; permafrost-affected soils; transition layer; upper permafrost.

Introduction

Shur et al. (2005) developed the concept of the transient
layer (zone), a layer of ground between the active layer
and permafrost that cycles through freezing and thawing at
frequencies ranging from decades to millennia. It is detected
in the upper permafrost according to specific structure and
relatively higher ice content at depths of 0.5-2 m. This layer
periodically appears as a part of the active soil profile. The
transient layer, because of its high ice content, is considered
to be the original buffer protecting permafrost from
spasmodic thawing. The transient layer was first revealed by
Yanovsky (1933) in the Pechora Basin, Northeast European
Russia, in 1933. He noted that signs of pedogenic processes
are marked not only in the active layer but also in the upper
layers of permafrost. In terms of ecological sustainability,
cold tundra soils should be studied as a complex “upper-
permafrost active layer.”

Regional Background

The study area of the Sedyaha River basin is located in the
northern forest-tundra of the southern border of the discon-
tinuous permafrost zone, Northeast European Russia (Ober-
man & Mazhitova 2003) (Fig. 1). Permafrost is rather warm
(0 to -2°C) and very unstable in the region. The watershed
terrain is represented by thermokarst depressions. Surface
sediments consists of peat layers of different thicknesses
(up to several meters) underlain by Pleistocene lacustrine
clays. Vegetation is dwarf-shrub (lichen, moss) tundra (Fig.
3). Cryosols and Cryic Histosols are widespread in the area.
The mean annual air temperature is -5.3°C; mean annual
thaw degree days is 1100°C-days; and mean annual precipi-
tation is 600 mm.

Objectives and Methods

We studied the transient layer in tundra mineral profiles
(1-3) and organic profiles (4—6) of permafrost-affected soils
(Fig. 2). Organogenic soils were developed in peaty deposits
of different thickness (up to 4.5 m). Field work was con-
ducted at the end of August 2007.

Permafrost cores were extracted by drilling. Both power
(up to a depth of 10 m) and manual drilling (up to a depth of
1.5 m) were employed.

Results

The upper permafrost layer is often characterized by
ataxic or layered cryostructure (Fig. 3). Peaty permafrost-
affected soils are differentiated with ice-enriched and ataxic,
thick-layered cryogenic structure. Empty cavities observed
in the upper peaty permafrost layers can be explained by
freeze-thaw cycling in the past. Ice layer thickness, up to
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Table 1a. The pH and carbon contents in permafrost-
affected profiles.

C(D)
frozen loam
frozen loam
frozen loam
frozen loam
frozen loam
frozen loam
frozen loam
frozen loam
frozen loam
frozen loam
frozen loam
frozen loam
frozen loam
frozen loam

565-575
575-595
620-640
620-625
770-780
850-860

Oi

Oe

Bg

Bgt
BgtC

frozen loam
frozen loam
frozen loam
frozen loam
frozen loam
frozen loam
frozen loam
frozen loam

Oi
Bh

G

B

C

C
frozen loam
frozen loam

200-205

Table 1b. The pH and carbon content in organogenic

profiles.
Soil horizon Depth, cm
4 Cryi-Folic Histos
Oi 0-(5-11)

Oel 11-36

QOe2 36-45
frozen peat 55-65
frozen peat 75
frozen loam 90-100
frozen loam 100-120
frozen loam 130-140
frozen loam 140-180
frozen lnam 180-240
frozen loam 325-330
frozen loam 420
frozen loam R20-R80
frozen loam RKK-RAAN
frozen loam 855-860

frozen loam

955-070

5. Crvi-Folic Histoso

frozen loam
frozen loam
frozen loam

frazen loam

Oi 0-7

Oi 7-40

Oe 40-52
frozen peat 70-80
frozen peat 80-100
frozen peat 130-150
frozen peat 170-190
frozen peat 190-195
frozen peat 240-260
frozen peat 330-335
frozen peat 410420
frozen peat 450
frozen loam 480-540

540-580
RRN-A7N
R20-830
980

6. Crvi-Folic Histosol

frozen loam

250260

Ti 0-21

Te 2141

Te 4142
frozen peat 40-60 i
frozen peat 60-70 I
frozen peat 75-80
frozen peat 110-120
frozen peat 135-150
frozen peat 160-170

SRS TN
Figure 3. Cryogenic structure: a — ataxic, b, ¢ — layered (mineral
horizons), d — layered (peaty horizon).

several centimeters, increases down the profile. Gradation
of ice-enriched and non-ice horizons can be considered as
evidence of certain ice aggregation under climate fluctua-
tions in the past. Shur (1988) notes that the thickness of the
transient layer in the upper permafrost could be up to 20—
30% of the active layer thickness. Our detailed study of the
upper permafrost (1-2 m deep) revealed a rather homogenic
structure of the frozen horizon. If we take into account the
deeper permafrost layers (up to 10 m), this ice-enriched ho-
rizon may be observed in the very upper permafrost (upper
1-2 m), which underlies the active layer. This increase in

ice content in the upper permafrost was determined in five
profiles (Fig. 4 a, b). The gravimetric ice content varies from
40-70% in loamy soils and up to 300-800% in peaty soils.

The upper permafrost layer is characterized by gradual
changes in chemical parameters (C, pH, etc.) between the
soil active layer and the underlying epigenetic permafrost.
The pH increases gradually down the profile from acidic
values in the active layer to slightly alkaline in deeper per-
mafrost (below 5-6 m). This may be explained by the spe-
cific conditions of organic matter preservation in the perma-
frost. Organic matter frozen in upper permafrost layers over
decades and centuries could affect its structure and degree of
decomposition under thawing conditions.

The mineral soils (Cryosols) in the upper 10-20 cm are
distinguished by a lower C (%) content in comparison with
both the active layer and deeper epigenetic permafrost. Ad-
ditional decomposition and eluviations occur during spo-
radic thaw periods.

Soil Cryogenic Dynamics

Data collected within the Circumpolar Active Layer
Monitoring (CALM) program provide a significant source
of information about the characteristics and dynamics of the
transition zone. A significant increase in active layer thick-
ness is demonstrated at the three CALM sites situated in
Northeast European Russia (Mazhitova et al. 2004, Mazhi-
tova & Kaverin 2007).
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Figure 4a. Gravimetric water (ice) content in the active layer and permafrost in mineral profiles (%). Blue is permafrost;
green denotes the transition layer (see Fig. 2).
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Figure 4b. Gravimetric water (ice) content in active layer and permafrost in organogenic profiles (%).

Besides active layer thickness, subsidence has been mea- In upper permafrost horizons, volumetric ice content can
sured at the CALM R2 site since 1999. Site-averaged sur- be approximated by a “normalized subsidence” index (sub-
face subsidence totaled 13 cm with an increase in the active sidence, cm to permafrost downward retreat, cm ratio). We
layer depth of 25 cm. Permafrost retreat (as a summary re- calculated the average index for the CALM R2 site for 11
sult of both subsidence and active layer increase) was 38 cm years and received a value of 0.54 (ice content of thawed

during 1999-2010 (Fig. 5). upper permafrost was about 54%). Such high ice content is
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Figure 5. Active-layer thickness, surface subsidence and permafrost
retreat at the R2 (Ayach-Yakha) CALM site.

Table 2. Diagnostic features of the transient layer in the upper
permafrost.

Cryogenic

Profile/Feature | structure |turbations|content, %

Yellow color — could not be considered as a factor in peaty soils

typical for mineral horizons of the transient layer. Surface
subsidence is caused by thaw of the ice-saturated layer in
upper permafrost.

Diagnostic Features of the Active Layer

The presence and absence of the transient layer in the up-
per permafrost was determined according to morphological
and physical-chemical parameters (Table 2). In the investi-
gated profiles, the most significant features of the transient
layer appear to be its high-ice content and relatively lower
acidity and carbon content. Considering these factors, this
uppermost permafrost layer appears to be a gradual transi-
tion zone between the active layer and epigenetic permafrost
beneath. However, it is not as clearly expressed as in the
permafrost-affected soils of Eastern Siberia.

Summary

1) The upper permafrost often appears to have some fea-
tures of a transient layer in tundra soils of Northeast
European Russia. It is a gradual transition zone between
the active layer and the epigenetic permafrost.

2) According to the ice content, the transient layer is bet-
ter expressed in organogenic soils rather than in loamy
profiles.

3) Lower acidity in permafrost horizons is the result of
specific conditions of the preservation of organic matter.

4) During the last decade, surface subsidence processes

are associated with thaw penetration into the ice-en-
riched (transient) layer of permafrost.
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Ice Volume Estimates in the Bolshezemelskiy Artesian Basin Permafrost
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Abstract

The methods for quantitatively estimating the ice volume in the permafrost zones of the Bolshezemelskiy Artesian
Basin, Russian European North, are described. Quantitative values for total ice volume in selected geocryological
regions and in the entire territory are given. The total ice volume in the region of 87,900 km?is approximately 2,300

km?.

Keywords: cryolithozone; ice volume; permafrost; permafrost zonation.

Introduction

The quantitative estimate of ice volume in the studied
area is of significant interest due to the fact that permafrost
degradation resulting from climate change will result in
the release of frozen water. Permafrost degradation will
start to supplement the underground water reservoir in
the hydrogeological structures and will contribute to the
exchange of underground water.

The general estimate of epigenetic hydrogeological
conditions is an extremely complicated and multi-faceted
problem, not studied in this research. However, quantitative
determination of the currently immobilized volume of
underground waters in the frozen part of the geological
section may be undertaken in detail based on the existing
summary data related to geocryological conditions and
territorial zoning of permafrost.

Methodology and Results

The given estimation methods were as follows. At the
first stage, a schematic map of permafrost zoning was
prepared for the studied territory (1:500,000). On its basis,
the quantitative estimate of underground ice content was
performed.

The main purpose of the permafrost zoning was for the
regional estimate of the increment of underground water
deposits that would result from the possible thaw of the
permafrost. This task defined the permafrost zoning features
and its primary focus on the permafrost cryolithological
characteristics and the estimate of ice content.

To make a permafrost zoning map, the available literature
and geological, geocryological, and cartographical
(satellite and aerial photographs, etc.) information and
materials for the studied territory were used (Ershov1997,
VNIIOkeangeologiya 2001). We also used the materials
containing data on permafrost formation conditions,
distribution nature, thickness, ice content, and temperature
regime including geophysical surveys.

Changes in permafrost conditions in both latitudinal
and longitudinal directions are typical of the territory.
Distribution and temperature of permafrost and thawed
grounds depend on latitudinal zonality. In addition to general
permafrost zonality, there are regional and local deviations
from it caused by a number of natural factors.

Permafrost structure and thickness, in general and
regarding the studied territory, are related to heat exchange
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conditions on the surface during the Pleistocene-Holocene
period of geological development. In the southern part of
the studied territory, permafrost temperature and thickness
clearly comply with the current heat exchange conditions.
From here to the north permafrost thickness gradually
increases from a dozen meters to 400-500 m. However, in
the southern regions of the studied territory there are non-
thawed, Pleistocene formations 30—150 m below the surface.
They are related to the regions with thick unconsolidated
sediments, and together with the Holocene permafrost, they
form the “two-layered permafrost” (i.e., permafrost beneath
thawed ground, or relict permafrost). In the northern subzone,
the Pleistocene dynamics of heat exchange conditions on the
studied territory did not result in annual ground thawing from
the surface. That is why the uniform (continuous) vertical
structure and large thickness are typical of permafrost here
(Ershov 1988, VNIIOkeangeologiya, 1997, Oberman 1981).

In general, zonatily is clearly shown also in the distribution
ground ice content. In the south, the cryolithozone is
represented mostly by permafrost that contains ice, because
permafrost thickness in the artesian structure is less than the
depth of saline waters and salt brine solutions. In low sea
terraces of the northern part of this area, the permafrost may
not contain crystal ice.

Based on cryogenic structure and ice content, the
following ground conditions are clearly distinguished:
consolidated and semi-consolidated rock formations, and
unconsolidated Quaternary sediments and formations.
Typical of rock formations are low fracturing and porosity
and low ice content not exceeding a few percent of the total
volume. As a rule, underground moisture redistribution
during freezing and thawing is unlikely. In addition, some
differences in cryolithological properties are typical of
the major types of rocks (magmatic, metamorphic, and
sedimentary). In unconsolidated sediments, ice saturation
is the result of the ground composition, their genesis, and
diagenetic modifications.

Cryogenic structure and ice content are also influenced by
the possibility of moisture migration during changes in ground
temperature and moisture due to annual ground freezing
or thawing or even during changes in ground temperature.
The result is not only that the cryogenic structure inherits
defective zones of grounds (generally, cavities and pores),
but also that special types of cryogenic structures emerge
due to moisture migration during freezing. In addition, in
unconsolidated sediments, the initial moisture distribution
changes. In general, significantly higher moisture from
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5-10% to 90-95% is typical of unconsolidated formations.
Thus the ground composition and structure are among the
most important features of the typical permafrost conditions.

There are significant differences in the permafrost
structure itself. For instance, in the zone of island
distribution, permafrost is usually one-layered and is
represented by disperse or rocky epigenetically frozen
materials. In zones of massive and island distribution, as
well as discontinuous distribution, permafrost often consists
of disperse epigenetically frozen formations underlain
by rocky formations. This is due to the permafrost’s
great thickness and low-temperature regime. In most
northern regions, syngenetically frozen ground underlain
by epigenetically frozen formations start to emerge quite
intensively. High-ice content of massive ice inclusions (ice-
wedge, injection, segregated ice) is typical of the ground,
resulting in significantly greater volume of total ground ice.
On the Arctic coast, these grounds are generally underlain
by non-ice-bearing permafrost or cryopegs.

The abovementioned characteristics and principles of
permafrost structure were used as the main features to define
typical cryolithological sections and to estimate their ice
content. This is based on the ice content of the section and its
separate horizons and thickness. Such estimates, based on
understanding the dimensional development of a particular
cryolithological section, allowed accurate estimates of total
ice deposits in permafrost of the Bolshezemelskiy Artesian
Basin.

A cryogenic description of the genetic types of formations
was focused on the description and estimation of the ice
macro-inclusions, which are determined by the ground
moisture and composition as well as on the identification of
the freezing type identification (syngenetic or epigenetic).

A cryolithological description was performed for all
permafrost layers and considered during the overall
calculation of underground ice deposits. The ice, after
permafrost thawing, in the form of water may be drained
from the rock formations and thus increase underground
water deposits.

During the study, it was determined that the ground ice
content of the major genetic complexes of sediments does
not change significantly laterally or vertically. Ice content
changes mostly within a relatively narrow range of 0.05—
0.25. That is why the permafrost thickness may be used to
calculate the total ice content of unconsolidated sediments.

The important feature of permafrost vertical structure
is the relict permafrost horizon mostly confined to island
permafrost. This relict permafrost layer 100-200 m from the
surface has a vertical thickness of up to 200 m or more.

Another important factor is the principle of permafrost
area distribution. Complicated permafrost distribution is
caused by the interaction of landscape climatic conditions,
relief, ground composition and properties, hydrological
and hydrogeological situation, and the history of Neogene-
Pleistocene age development. On the other hand, distribution
of talik permafrost is related to zonal heat exchange
conditions on the Earth’s surface. Also the principle of
distribution of permafrost area results in the existence of
sub-latitudinal belts within which there is a particular ratio
between the distribution of thawed and frozen ground.
The following zones (belts) occur in the studied territory:

025 050 050 100-
D |E| I - @
180-
0- 0,25- Gonee 350 @
025 050 0,50
a)

Figure 1. Examples of typical permafrost sections
where: a) volumetric ice content of the ground; 6) 0-10,
100-180, etc.; depth of permafrost top and base, m; B) S,
E — syncryogenic and epicryogenic ground, respectively.
Above the columns there is an index number of a typical
geocryological section; on the whole, there are 75 of
them specified.

(1) the region of cooled negative temperature grounds; (2)
the region of mostly uniform permafrost distribution (more
than 95% of the total area); (3) the region of discontinuous
permafrost (75-95% of the area); (4) the region of island
permafrost (25-50% of the total area); (5) the region of rare-
island permafrost (less than 25% of the total area); and (5)
the region of mostly thawed ground with isolated permafrost
islands and short-term permafrost (frozen “pereletoks”).

The ice volume estimate was performed based on the
geocryological zoning with percentage determination of the
ratio between frozen and thawed ground areas (see above).
In addition, in the coastal regions with high ground salinity
the corresponding ice content reduction was considered
(Fig. 2).

The data allow calculation of the total amount of ice
content in the entire permafrost section for a given unit of
surface area. This value measured in m (m*/m?) may be
considered as the thickness of a pure ice layer equivalent to
total ice content in the permafrost section.

Then each area outline for a particular sediment genetic
type was determined. Having multiplied the obtained value
by the ice “equivalent thickness” value, we determined the
total volume of underground water located within the limits
of the studied area. This volume corresponds to the amount
of underground water withdrawn from the hydrogeological
section as a result of many years of ground freezing.

As expected, the total ice content in the permafrost
significantly changes within the limits of the studied
territory; the “equivalent” ice layer thickness varies from
several meters to 50-60 m or even 70 m.

The ice content characteristics obtained for certain areas
of the region containing genetically different sediments were
averaged within the limits of the smallest zoning units. The
analysis of the area characteristics shows that, in general, the
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Figure 2. Map of the territorial zonation of Bolshezemelskiy Artesian Basin according to ice content in
the frozen ground where 0, 3, 6...50 are the average integral, within the enclosed area, of the specific value
of ice content in the overall permafrost section (unit area; m3/m2. or equivalent) ice layer thickness (m).

thicker and more uniform the permafrost thickness the larger
is the ice layer “equivalent” thickness.

It is worth noting that the general regularity of the
changes in permafrost ice content is often inconsistent.
The inconsistencies occur primarily due to geological
factors, namely the occurrence of rocks close to the surface.
In this case, the small thickness of unconsolidated, ice-
rich sediments results in relatively low ice content in the
permafrost, notwithstanding its high total thickness. Also,
the presence and characteristics of the relict permafrost
layer influence the areal distribution and regularities of
summarized ice content.

Conclusions

The results of the study highlight the following: The
total ice volume in permafrost on the entire permafrost
territory is extremely large and amounts to approximately
2,300 km?®. Considering the territorial area of 87,900 km?,
the average equivalent ice layer thickness is about 26.2 m.
With the average outflow in the Pechora River estuary of
127 km®/year (4000 m?/sec), the melting of the ice deposits
in permafrost of the territory is equivalent to 18 years of
discharge for this large arctic river.
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Abstract

Further development of the Arctic is one of the most important priorities in Russia. Environmental and geological
problems of the subarctic territories and possible solutions are discussed.
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Introduction

The report of Vladimir Putin, Head of the Russian
Government, at the International Arctic Forum held at
Moscow State University in September 2010 defined the
priorities in development of the Arctic and described the
problems of subarctic territories (particularly, contamination
from various wastes). Putin noted the importance of
the search for solutions by means of development and
introduction of innovative technologies.

Everyone knows that the Far North districts experience
severe climatic conditions: air temperatures of -50 degrees
and colder, low amount of solar radiation, winters of 9
months and longer, and short cold summers. But one other
fact is frequently dismissed: permafrost occupies about 70%
of the Russian Far North.

Itis evident that permafrost strata and the processes in them
are a natural component of the environment. They define the
conditions of humidification, soil formation, presence of
biota, landscape stability, and land surface stability, as well
as subsistence resources. Most of the Siberian taiga would
not exist in the absence of permafrost

Contamination and waste disposal are critical
environmental problems in the Arctic. A huge amount
of waste has been collected to date as a result of the long
history of development of these territories, including
mineral resource exploration and mining. Waste materials
are frequently stored and buried in unauthorized zones.

Wide areas containing dumps of solid household waste
are formed around northern cities, creating environmentally
hazardous zones. The volume of disposed waste is
continuously growing. The average production level of
waste utilization in the Russian Federation is about 30%.
Only 2% of the total volume of waste is extracted in the
form of secondary raw material. The remaining 98% pollutes
the environment, adversely impacting the population and
environmental safety (Committee of the Federation Council
on Resources and Environmental Protection 2011).

Today there is no documentation concerning waste
utilization in the Far North. Specifically, there are no
documents for the creation of facilities for solid household
waste disposal that reflect the peculiarities of the Far North
regions where permafrost exists. Neutralization using a
biological method is required at disposal facilities for solid
household waste. However, as is known, the negative ambient
temperatures not only fail to assist in decomposition of any
waste, but delay it. Biological decomposition processes
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cease at negative temperatures; the biomass does not decay
but is preserved.

New utilization technologies with the use of psychrophilic
bacteria, including methanogenic ones, should be used in
the polar regions. They will accelerate waste decomposition
processes. Then the methane formed can be collected and
used.

The problem of treatment of drainage water is also very
important. The city of Yakutsk is a good example. As a result
of household drainage water, the presence of a cryogenic
aquiclude (permafrost) preconditions the formation of
highly mineralized groundwater near the surface and
flooding of city residential areas. Permafrost barriers
predetermine the formation of negative-temperature, highly
mineralized, supra- and intrapermafrost groundwater
(cryopegs) at the depth of up to 20 m in the ground stratum.
The water mineralization reaches up to 200 g/ at individual,
long-inhabited areas of the city. The concentration of these
elements is increased by 30-60 to 300-500 times and more
as compared to the background values in fresh and salty
suprapermafrost waters (Anisimova 2005).

In the meantime, the burial of radioactive waste in
permafrost is more reliable and the cryolithozone can serve
as a reliable reservoir for radioactive waste disposal (Ershov
et al. 1995, 1997).

Most of Russia’s oil and gas reserves are present in the
cryolithozone (70.8% of oil reserves are concentrated in
Western Siberia). Utilization of waste formed in the process
of oil production and in cases of oil spillage is one of the
most complex and multifaceted environmental problems.
A wide range of devices and technologies is proposed
for neutralization and utilization of oil waste and ground
cleanout of oil products. Nonetheless, only a few of them
take into account the geocryological and climatic conditions
of the Arctic.

The environmental state of the subarctic territories
depends to a large extent on the state of the permafrost.
Moreover, the change of the ground thermal state in the upper
part of the section is usually accompanied by activation of
postcryogenic processes and development within the zone
where their occurrences previously were insignificant or
were not noted at all.

Consequently, estimation of the dynamics of the
geocryological conditions as a result of climate change
and under the impact of human activity is very important.
The problem is that we do not know the current state of
permafrost (i.e., whether it is stable or thawing).
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Discussion

Environmental problems in the Arctic (and not limited
to that region) are associated with global climate change.
The discussion of possible scenarios for global and regional
climatic changes in the 21* century has developed during the
recent decades. Three main approaches are used for possible
climate change prediction:

e the use of general atmospheric circulation models based
on an increase of CO, and other greenhouse gas content
in it;

e cxamination of paleoclimatic analogues;

e cmpirical analysis of current meteorological
characteristic variations (cycle and trend analysis)
(Bases... 2008).

The range of forecasted values of CO, equivalent content
in the atmosphere in the 21% century is extremely wide.
Nonetheless, the majority of researchers working with
the general circulation models assume doubling of the
carbon dioxide concentration by the end of the 21* century.
Forecasts of the global mean air temperature variation are
based on that.

Assessment of the forthcoming global climate change
is ambiguous. The following scenarios are developed:
significant warming (Budyko et al. 1992), moderate
warming (Borisenkov 1990, Pavlov 1992, 1997, 2001),
and even cooling (Shpolyanskaya 1981, 2001, Balobaev
1983, 1991). Nonetheless, it is evident that the mean annual
air temperature is increasing. The permafrost response to
climate changes is locally observed as well.

The trend of increased permafrost temperature during the
recent 2030 years and permafrost degradation are observed
in many cryolithozone regions. Permafrost warming in
mountain regions is confirmed. This was reflected in many
reports of the recent conference of Russia’s geocryologists
held at Moscow State University. The data on warming by
3°C is present in the Arctic Forum documents. Nonetheless,
it is not that unambiguous. There is no substantiated esti-
mate in general.

Greenhouse gas emissions into the atmosphere present
a very important problem. Up to 10% of undecomposed
organics is present in permafrost. Bulk methane emission will
occur in global climate warming and permafrost degradation
scenarios. Even without it, intensive methane greenhouse gas
emission occurs in the process of hydrocarbon (oil and gas)
production and transportation. Up to 560 Mt of methane are
annually emitted into the atmosphere. The shared use of the
associated and dissolved gas does not yet exceed 50%. Its
utilization is still a critical problem. Most gas leakage in the
process of gas transportation occurs as a result of the high
risk of accidents in pipelines. Most of the built (45,000 km
for 2004) and designed oil and gas transportation systems
occur in the cryolithozone, and permafrost is one of the
reasons for the increased risk of accident.

The change of operational conditions of structures in the
cryolithozone, if designed without regard to global climate
warming, is one of the most important consequences of en-
vironmental permafrost degradation. The fact is that strength
and deformation properties of the permafrost serving as the
basis for engineering structures depend much on the temper-
ature. The former decreases and the latter grows as tempera-

tures rise. This leads to structural deformations and material

damage. The results of calculations conducted at the Geocry-

ology Department of Moscow State University (Khrustalev
et al. 2008, 2011) showed that almost all buildings erected
before 2001 will be deformed as a result of global climate

warming by the end of the forecast period (2100).

Minor changes in the permafrost thermal regime, both
as a result of natural evolutionary change in the Earth’s
thermal field and as a result of technogenic impact, lead
to changes not only in the geophysical environmental
function, but also in the functions of resource, geodynamic,
and geochemical lithosphere. This is like a chain reaction
leading to significant transformations of the environmental
properties of the cryolithosphere. During the recent decades,
starting especially in the 1960s and 1970s, Russia’s northern
ecosystems suffered significant technogenic impact due to
intensive exploration of various mineral deposits. Cryogenic
processes are activated and become destructive with the
economic development of the territory.

The estimation of the current permafrost dynamics and the
probability of thawing, creation of a system of environmental
monitoring in the North, and forecast of the permafrost state
for the next decades are required for the development of the
northern regions.

Fundamental climate, glaciological, and permafrost
studies in relation to the general dynamics of the lithosphere
and biosphere are required. Also needed is the development
of simulation methods for the permafrost thermal regime
pursuant to climate changes and under the impact of
engineering structures.

It is proposed to:

1) Estimate the current state of permafrost and make a
forecast for the next decades. Required for that is the
creation of a national environmental and geocryological
permafrost state monitoring grid; currently there is not
even a single, unified methodology for permafrost
thermal regime monitoring. Several complex stations
(climate, ground, soil, gas exchange, biota monitoring)
will be needed in the country.

2) Compile geocryological maps for the entire Russian
territory and an atlas of the Russian Arctic sea coast and
shelf.

3) Develop numerical models for ground thermal
exchange.

4) Create new technologies for ground stabilization on the
Arctic coast and shelf.

5) Research the biogeochemistry sphere, and study
permafrost bioresources, greenhouse gas emissions,
recovery of ancient microorganism strains for
application in biotechnologies.
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Assessment of Landslide Geohazards in Typical Tundra of Central Yamal
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Abstract

Results of the retrogressive thaw slumping geohazard assessment in various landscapes of Central Yamal are presented.
The territory is differentiated according to the probability of retrogressive thaw slumping. Four groups of natural
terrain units were identified within the study area depending on the probability of the re-occurrence of retrogressive
thaw slumps. The percentage of the thaw slumping occurrence within a natural terrain unit determines its sensitivity
to possible re-occurrence, depending on the size of the area modified by recent retrogressive thaw flow. At the same
time, the sites of recent thaw slumps are considered non-hazardous because the re-occurrence of thaw slumping within

these sites in next centuries is unlikely.

Keywords: landscape map; landslide geohazard map; natural terrain units; retrogressive thaw flow.

Introduction

Retrogressive thaw slumping is the most active
geomorphic process in areas with widespread occurrence of
massive ice(y) beds (Leibman 2005). Development of thaw
slumping in the areas of the shallow occurrence of massive
ice beds should be considered the most hazardous type of
slope instability. Slumping on such slopes can re-occur
even in case of a slight increase in summer air temperatures
combined with minimal technogenic impact (Leibman &
Kizyakov 2007, Burn & Zhang 2009).

The slopes with seasonal ground ice that is formed at the
base of the active layer in a certain combination of climatic
factors over a period of several years are less sensitive to
the impact (Leibman 1997). Retrogressive thaw flows
along such icy surfaces (cryogenic active-layer detachment
slides) can re-occur at the same site once in a few hundred
years. However, this periodicity is not fixed in time, and the
adjacent areas may be affected by these processes during
other periods under the conditions of significant increase
of summer precipitation and a simultaneous increase of air
temperature. Cryogenic active-layer detachment slides are
the largest in size and, consequently, in mass. This is why
they are so hazardous.

Assessment of the landslide hazard in different terrain
types, including the permafrost zone, is one of the most
important tasks of science nowadays. To determine the
risks of earth flow processes, scientists use qualitative
estimates based on identification of sites with different
landslide characteristics (Kazakov & Gensiorovsky 2008).
To ensure landslide control during construction, assessment
of the landslide situation is carried out using qualitative
and quantitative methods which include characterization
of geomorphological and hydrogeological conditions;
engineering geological sections of landslides; mapping of
landslide process manifestations based on satellite imagery
and air-photo interpretation and ground-truthing; and actual
measurement data and geophysical surveys in areas affected
by landslides (Postoev et al. 2008). There are examples
of the landslide risk assessment using a points system to
determine landslide occurrence probability (Chekhina et al
2004).

Because of the active development of the hydrocarbon
fields located in the North, especially in the areas of
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occurrences of hazardous geomorphic processes, it is
necessary to evaluate the landslide threat. This evaluation
is done with extensive use of the data provided by remote
sensing based on previously identified patterns of the
retrogressive thaw flow development and the occurrence
of thaw flows in areas characterized by certain terrain
conditions.

Study Area

Estimates of the thaw slumping hazard were carried out
at the “Vaskiny Dachi” key site in the Central Yamal within
the watershed of Seyakha and Mordyyakha rivers (Fig. 1).

The study area is a hilly plain with narrow divides and
long gentle slopes. The highest elevations (up to 58 m a.s.1.)
are found within flat-topped remnants of the Salekhard Plain.
The territory is intensely dissected by narrow river valleys
and small streams, gullies, and ravines. The development
of gullies is determined by the amount of potential relief
energy; therefore, the most extensive gullies are found at
high geomorphological levels. The dissection depth of the
Salekhard and Kazantsevskaya plains is up to 50 m. Most of
the territory (about 60%) is represented by gentle slopes with
slope angle up to 7°; slopes with slope angle from 7° to 50°
occupy approximately 10% of the area; and the remaining
30% include floodplains, lake basins, and narrow-topped
ridges (Leibman et al. 2003).

Active development of slope processes is a characteristic
feature of the remnants of marine terraces composed of ice-
rich deposits with massive ice beds. On the slopes with the
shallow occurrence of massive ice beds, thermal cirques
are developed, which transform into a semi-circular steep
headwall as the massive ground ice bed melts (Leibman
2005).

As a landscape type, the Vaskiny Dachi key site is located
in the subzone of typical (moss and lichen) tundra, gradually
changing into the subzone of low-shrub tundra (Trofimov
1975).

Within the watersheds, dense dwarf arctic birch is
widespread, regardless of the thickness of snow cover.
Better drained slopes of the elevated terrain are occupied by
shrub-moss-lichen tundra. On gentle poorly drained slopes,
compared to well-drained ones, shrubs and low shrubs are
better developed and mosses predominate. On convex tops
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Figure 1. Key site location.

and wind-swept hill slopes, shrub-moss-lichen tundras
with non-sorted circles are predominant. River valleys,
thermocirques, and earth flow bottoms with fairly thick snow
cover in wintertime are characterized by willow bush tundra
(bush height corresponds to snow cover thickness). Sedge,
sphagnum, and flat-hummocky bogs as well as moors are
common on flat surfaces of watersheds and terraces, on low
lake shores, in the upper parts of river valleys, and in other
depressions.

Methods and Results of Study

In order to estimate the landslide geohazard, a map of
natural terrain units of the key site area was used. Terrain
zoning of the key site developed specifically for the analysis
of the landslide geohazard was performed. At the initial
stage, geomorphological levels differing by the nature of
the geological structure and relief were allocated according
to Leibman & Kizyakov (2007). Higher geomorphological
levels provide greater amplitude of the relief, longer slopes,
and respectively greater earth flow probability (Leibman
2005). Then the relief elements which were likely to see
the development of the earth flow process were identified.
Horizontal surfaces and bottoms were selected where the
formation of cryogenic earth flows was not possible as well
as the tops where earth flow formation was unlikely to occur.
The next stage was slope examination. Estimates of earth
flow hazard on the slopes are based on previously developed
conceptual models of cryogenic earth flow (Leibman &
Kizyakov 2007). Analysis of the current earth flow process
reveals that earth flows mostly descend along concave
slopes (Leibman 2005). However, the descent of new earth
flows is less likely to occur along concave slopes affected
by modern earth flow processes than on concave slopes with
ancient earth flows. The conditions for repeated earth flows

have developed on some plots differing in size (from the
first few meters to hundreds of meters, depending on the
age of the earth flow surface) and are located on the slopes
affected by earth flows in the past. These conditions include
thick turfness of the surface and a seasonally thawed layer
consisting of sandy and silty loam slope deposits.

By earth flow hazard, we mean the probability of surface
damage due to the earth flow body displacement (“zone
of flow-off [source]”), the formation of the sliding surface
(“transit zone”), and unloading of the earth flow body
(“accumulation zone”). From the landscape point of view,
the process of earth flow changes all of the relief elements.
The watershed edges are affected in the zone of the outflow,
resulting in detached cracks in the watershed and subsidence
due to suffusion. The slope surface in the transit zone is
left bare, which gives an impetus to the development of
thermal erosion. Saline rocks come to the surface, resulting
in specific vegetation succession. The earth flow body
is unloaded at the bottom of the slope, onto the valley, or
into the ravine in the accumulation zone. This leads to the
change of the hydrological regime, blocking of slope, and
valley water flow and formation of backwater lakes with
thermokarst being developed.

Percentage of recent thaw slumping occurrence within a
terrain unit

Based on the map of natural terrain units (NTCs),
analysis of the key site area affected by cryogenic active-
layer detachment slides in 1989 was accomplished. The
distribution of thaw slumps went down in 1989 for each of
the 19 selected NTCs that were examined. For this purpose,
all landslides were combined into three groups depending
on their coverage area: less than 0.002 km?, from 0.002 to
0.01 km?, and more than 0.01 km?. Attribution of cryogenic
earth flows to a particular NTC was done as follows: An
earth flow is attributed to a particular NTC if the earth flow
body has descended directly from the surface of this NTC,
starting from the top point of the block displacement edge,
even assuming that the contour of this NTC directly borders
only with the sliding surface of the earth flow while the earth
flow body stopped within the neighboring NTC.

The largest earth flows with an area over 0.01 km? and
reaching 0.08 km? are found on concave sliding slopes with
sliding surfaces of ancient earth flows (NTC 13 - Table 1,
Fig. 2), as well as on relatively graded parts of drained
flat watershed surfaces (4). Single large earth flows are
attributed to smooth hummocky slopes with predominantly
sedge-moss cover (12) as well as to the slopes on gentle
rolling surfaces (1) and relatively graded areas of flat
watershed surfaces (3) with predominantly shrub-moss-
lichen vegetation and patches of shrub.

Earth flow sizing from 0.002 to 0.01 km? are mostly
confined to all NTCs listed in the previous paragraph, most
commonly to the ancient shrubby earth flow slopes (13)
and to the slopes within rolling watersheds (1). Individual
earth flows are confined to drainage channels (14), sides of
ravines, gullies (18), and valleys of small