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Abstract

The present work focuses on the analyses of glacial ice from thermokarst in relict glacial and degraded Andean
permafrost environments (4200 m a.s.l.) in order to reconstruct its environmental or paleoenvironmental history
and to understand the processes that generated the Andean rock glaciers. The study area belongs to the Morenas
Coloradas rock glacier, situated in the Cordon del Plata (at 33°S approximately), Central Andes, Mendoza, Argentina.
An interpretation of the ice samples and an analysis of their internal and crystallographic characteristics is carried
out in order to explain the geomorphological and cryogenic history of the landforms. The area of periglaciation—
where cryogenic forms are generated—is studied thoroughly. Due to climatic oscillations, these periglacial areas may
be identified by thermokarst. The degradation phenomenon helps to build new cryogenic forms like rock glaciers.
Different possible environmental scenarios for the genesis of protoperiglacial landforms may be imagined.
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Introduction

Rock glaciers, the typical Andean cryogenic mesoforms
which characterize creeping mountain permafrost, contain
different types of ice that interact with frozen cryosediments,
that is to say with sediments of cryogenic origin. From a
structural point of view, the types of constitutional ice
generally observed are interstitial and segregation ice, but
buried massive ice of sedimentary origin is also to be found
(Shumskiy 1964, Haeberli & Vonder Miihl 1996). Areas
with over 80% of ice (supersaturated permafrost) appear in
the structure of the few drillings that have been carried out
(Haeberli et al. 1988).

Interstitial ice is a superficial ice found in the first meters
of depth in the rock glacier. This kind of ice depends on
the diameter of the sedimentary pores which allow for an
optimum nucleation of the ice (Van Vliet-Lano€ 1998)
and correlates with the size of the particles which induce
nucleation (Hobbs’ ice, see Anderson et al. 1978), while
segregation ice is the kind of ice that creates lenses or layers
of few centimeters inside the frozen body (Shumskiy 1964,
Trombotto et al. 1999).

But concerning the origin of the ice, periglacial ice is
closely linked to different processes (e.g. percolation or
regelation), various contributors (e.g. snow, graupel, harsch,
or firn) or to other natural manifestations such as glaciers
or nivodetritic avalanches. Sedimentary ice in periglacial
domain is created mainly by the transformation of snow
and graupel which percolate into the open structure of the
cryosediments, although snow, harsch, and firn from Andean
avalanches also play a decisive role in its creation. This
material also incorporates to the frozen sedimentary body of

the rock glacier by percolation and burying of the latter under
cryosediments. Another origin of the ice is the regelation
of glacial ice, after a previous process of melting, which
incorporates into the body of rock glaciers as periglacial ice,
although the mechanism is fairly unknown.

A parallel process has been observed in the Andes of
Mendoza for example, expressed by the fluxion of isolated
ice bodies of glacial origin which, favoured by the slope,
directly incorporate to the periglacial sedimentary bodies.
This is the type of ice we are mostly concerned with in the
present work and which shall be analysed and identified,
because it contributes to the origin of periglacial landforms.

In general, macroscopical or large scale phenomena may
be scientifically interpreted in function of microscopical
parameters. In the case of the ice, and as has been shown
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for glacial ice in thermokarst areas (Arena et al. 2005)
microcrystallographical characteristics can be correlated
with geomorphological characteristics of the environment in
which the ice originated.

This work analyzes ice of a periglaciation zone (Fig. 1),
that is to say, an area that used to be glacial and in which
periglacial or cryogenic landforms are being generated.

As glaciers retreat to higher altitudes, they leave a large
quantity of still frozen morainic or cryogenic sediments
behind. At the same time, islands of covered ice may remain.
These types of ice, considered ‘dead ice’ by many authors, are
key contributors or perfect natural cryogenic environments
for the ‘roots’ or the genesis of debris rock glaciers. These
processes indicate that at the Cordon del Plata, Mendoza, the
periglacial level reaches down to 3600 m a.s.1. approximately
(Fig. 1). This is arelatively low height considering that ‘quasi
continuous permafrost’ at the same latitude exists only above
a height of 4200 m a.s.l. (Trombotto 2000).

The present work also analyzes experimental samples
in order to certify natural processes. In particular,
microcrystallographical parameters are set up, which allow
one to determine whether an ice sample belongs either to
regenerated ice of the region close to the active layer, to
thermokarst of cryogenic origin (degraded permafrost), or
to ancient glacial ice. Moreover, correlations between the
mentioned microscopical characteristics and the stress,
directions samples underwent in thermokarst, are analyzed.
Finally microscopical ice characteristics are linked with
environmental and palacoenvironmental processes.

Study Area

The study areais located in the Cordon del Plata, amountain
range of the Andes of Mendoza. The area is situated between
32°24'S and 33°39'S and 70°14'W and 70°46'W (Fig. 2). The
area is glacierized. The Landsat 2000 image reveals glaciers,
perennial snow patches, and also snow patches which are
mostly considered to be temporary. The entire surface was
figured to be 148 km?, 119 km? of which correspond to rock
glaciers (Trombotto 2003).

Geologically the Corddn del Plata is part of the Cordillera
Frontal, limited in the W by the Argentine geological
region called Cordillera Principal. In the Cordon del Plata
graywacke prevails, sandstone conglomerates from the
lower Carboniferous and volcanic rocks of the volcanic
Variscian Association of Permian Age. A very important
granitico-granodiorhyte batolite as intrusive is associated to
the more recent Variscian tectogenesis. The Andean tectonic
movement reactivated the entire area during the Tertiary,
and it was particularly during that period that sedimentary
rocks were deposited as sandstones and conglomerates
(Fm Marifio and Mogotes). Three mountain chains may be
distinguished in this area: La Jaula in the W, the Cordon del
Plata in the central part, to the N and E after which the entire
area is named, with El Plata as its highest peak (6310 m
a.s.l.), and finally the Cordén Santa Clara in the SW. Taking
into account the topographical line of 2000, the study area
comprises a surface of approximately 2830 km?.

Figure 2. Study area. A

The MAAT of the meteorological stations of Aguaditas
(1972-1983) at a height of 2225 m a.s.l. and Vallecitos
(1976-1985) at a height of 2500 m a.s.l. at its eastern flank
are 7.7°C and 6°C respectively. The meteorological station
Balcon I at 3560 m a.s.l. on the tongue of a rock glacier
at Morenas Coloradas indicates a MAAT of 1.6°C and an
annual precipitation between 500 mm (warm period April
2001-April 2002) and 630 mm (1991-1993). The vegetation
ranges from shrubs to Andean tundra until 3600 m. Above
this height and on rock glaciers vegetation is extremely
scarce.

The analyzed ice samples come from a periglaciation
zone of the composed rock glacier Morenas Coloradas
(with different superposed frozen cryoforms), an area with
thermokarst and a detritic cover that varies in thickness
between 60 and almost 150 cm. The samples were taken at
a height of approximately 4200 m a.s.l. in a tributary valley
which unites with the main valley, and where cryosediments
meet with the main valley of the composed rock glacier.

Methodology

The natural samples were taken at a glacial valley and
rock glacier which are being monitored and investigated
at the JANIGLA (Institute of Snow and Ice Research and
Environmental Studies) in Mendoza, Argentina, since the
1980s. The extraction of the samples is done by a simple
procedure of cutting ice blocks in areas with visible ice. The
samples were extracted from two different profiles taken from
thermokarst walls perpendicular to each other, according to
the imaginary axis of an ovoid (Fig. 3). Before cutting out
ice blocks, surfaces were cleaned to a depth of 5 cm. For
extraction, blocks or ice monoliths were confectioned in the
ice wall. These blocks were carefully oriented according to
two fundamental criteria. One is the zenith of the sample
itself, in order to identify its positioning within the body
of ice, and the other one is the magnetic N of the site, in
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Figure 3. Sketch of thermokarst. F: principal stress, n: zenith.

order to be able to position the entire ice body sampled in
the area. The samples were transported to the cold chamber
of the LEGAN in Mendoza, where they were classified and
preserved at -13°C.

Then thincuts were made of the ice samples, and plastic
replicas were created at the University of Cordoba, Argentina.
This technique complements the studies of the thincuts and
helps to determine size and orientation of the ice crystals,
dislocations as well as concentration, orientation and
distribution of the bubbles inside the crystals. The method
of plastic replication allows the detection of dislocations on
the surface of the ice.

Thincuts were made using a xylotome Leitz, model 1400,
adapted for ice cuts in the cold chamber. Thincuts were made
in the cold chamber of the LEGAN Institute in Mendoza as
well as at the University of Cérdoba in Argentina. At the
same time, laboratory tests of uniaxial statical isothermical
compression of the ice core samples extracted from ice from
below the base of the active layer of the thermokarst were
carried out. These samples, treated in the laboratory, and
those extracted from the ice cores and left in natural condition
were crystallographically analyzed and compared to each
other. It is the aim of these studies to establish a correlation
between microcrystallographical and geomorphologically
determined characteristics.

Analyzed Ice Characteristics

The most important components of the ice described in
the present work are: (1) ice crystals: size and orientation
of their C axis, (2) bubbles: areas with bubbles and areas
without bubbles. Bubbles are classified into bubbles >50
pm and bubbles <50 um and microbubbles, (3) defects and
dislocations, and (4) presence of particles.

While for the study of the ice crystals (Table I) the size
and orientation of their C axis were the important factors, in
the case of the bubbles three different types were found and
classified as follows:

e  Two types of bubbles belong to microbubbles, with a
diameter smaller than 0.1 mm

e  Another type are macrobubbles with a diameter larger
than 0.5 mm

In the first group, bubbles are distinguished according to
whether their mean diameter is smaller than 50 um or larger
than 50 um. This distinction is important because size may
influence the migration of the ice crystal edges. If the mean
diameter of the bubbles is larger than 50 pum, it was observed
that they do not impede or anchor the migration of the grain
limit (Arena et al. 1997). The analysis of the bubbles (Table
ID) in the ice is very important because although some of
them may abandon the edge of the grain without producing
a remarkable effect, others, if they are small enough,
anchor growth of the ice grain. In other cases bubbles of
intermediate size may simply slow down their growth. Only
at low temperatures and under the phenomenon of isothermic
warming in the laboratory, for a long time (over one year),
could it be observed that bubbles do not stop the growth of
ice crystals.

There are two types of areas considered in the thincuts
sections; one was called CB when it contained microbubbles
and the other was called SB when it did not contain
microbubbles (Table II).

In general (Nassello et al. 1992, Arena 1995) the mean
size of ice crystals in areas with microbubbles is smaller,
because these anchor the limits of the ice grains. This also
occurs in areas with bubbles >50 um and macrobubbles. It
strikes the eye that the bubbles <50 pum are almost spherical
while those >50 um and macrobubbles are not, and thata
they can give clues about the main stress directions.

Regarding defects, the density of traces of dislocations
holds information for us, for example about the forces of
residual stress. The defects were classified into prismatical
(P) and hexagonal (H) (Table III). The particles are mainly
of mineral and cryogenic origin. They are the product of
cryoweathering of cryosediments of glacial or periglacial
origin.

Results

The microscopical characterization of glacial ice buried in
a thermokarst at a height of 4200 m a.s.l. which displayed ice
visible to the naked eye, based on two ice profiles, is shown
in the following tables. They summarize the most important
results found in crystals, bubbles, and defects of the different
analyzed ice samples.

Crystals

The mean size of the grains in an SB area generally
increases with depth, except for the case of sample A. On the
other hand, polycrystalline samples are more textured, that is
to say they have a defined or particular texture which is more
pronounced with growing depth of the profile.
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Table 1. Crystals.

Table 3. Defects and dislocations.

Sample |Characteristics D [mm)] Orientation
SB |CB
M1 [Top of profile, 4.2 0.4 [Random
L sedimentary ice
é’ M2 mnaturally degraded [5.8 nd  [crystallographic axis
E ice zone (collapse) C perpendicular to n
M3 |glacial ice, 20 2.6  [Crystallographic axis
stress parallel to F C parallel to F
A [Top of the profile, © 0.4 (Crystallographic axis
naturally degraded C quasi perpendicular
- ice zone (collapse) to n
12 B [Top of the profile, [2 0.3 [Crystallographic axis
5 naturally degraded C is 45° from n and
f~ ice zone (collapse) INNE
C |glacial ice 6 nd  [Crystallographic axis
C parallel to F

See Figure 1; D= mean diameter; SB= area without microbubbles;
CB = area with microbubbles; nd = no data.

Table 2. Bubbles.

Bubbles
Sample d [um] N,
MBA [MBNA [mm?] [Shape Orientation
M1| Nd 500 840 |[Spherical [Random
M2 | 50 Nd 58 [Spherical25% elongated
a n  dparallelto F
™ elongated
% M3 | 10 Nd 23 [Elongated |parallel to n
(ol
A 20 1250 52 |[Elongated |parallel to n
B 20 60 1080 |Spherical {45° from n and
INNE
- Elongated [45° from n
1o and F
g [c| 6 <50 | 465 [Spherical |parallel ton
F Elongated |parallel to n

N_ = volumetric bubble density; d = mean bubble diameter; nd = no
data; MBA = bubble <50 um; MBNA = bubble >50 pum.

In M3 and C the crystals take a preferential orientation
with the crystallographical axis C parallel to the direction
of the flow, while at the top of the permafrost the bubbles
appear coincidentally. Those crystals with a size of >0.5 cm
suggest older age and a glacial origin. The latter are observed
in samples taken at greater depth of the profiles.

Bubbles

For the understanding of Table 2 it is helpful to consider
that:

e The mean size of the microbubbles which anchor the
growth of grains (bubbles <50 pwm) decrease with growing
depth by a factor of 3 or more, except for sample A.

e The mean size of bubbles which do not anchor the
growth of grains (bubbles >50 pm, macrobubbles) changes
their shape from spherical to elongated with growing depth,
except in the case of sample A.

¢ In profile I, elongated bubbles have their C axis parallel

Defect density [x 10° mm™]
Sample Hexagonal plane Prismatic plane
B Ml D.1£0.5 3.0+ 14
qvq—:) M2 (1.5+£0.4 2.6+0.8
E M3 [1.5+£0.6 2.0+0.1
A 2.4+0.7 S+1
= B [0.7+02 3+ 1
Ué C 0.5+£0.2 3+1
-
X [
¢ Mz
Ton
- 3 e
| e g - A=
C- ’ v >
|¥e :
=
M 2 1.5 mm

Figure 4. Ice thincuts of profile I (M1 and M2).

to “F”, which is the flow direction, in sample M2 (Fig. 4).
This is not the case in sample M3 where the prevailing
direction is parallel to n.

e In profile I, microbubbles are aligned with the zenith of
the samples A and C, but they build an angle of 45° with the
zenith of sample B.

e In the samples taken at greater depth, volumetrical
density of the bubbles is greater in sample C (profile II) than
in M3 (profile I).

Defects, dislocations, and particles

From Table 3 we may deduce that the samples indicate,
in the sections analyzed with plastic replicas, that the
density of patterns of chemical attack, expressing defects
and dislocations, decreases with depth. As to the obtained
particles, a lithological study has yet to be made, but it may
be supposed that their origin is the local parental rock. In
profile II, a majority of a diameter >20 pum prevails. It is
assumed that this abundance must have had an important
influence in slowing down the growth of the crystals.

Discussion

For reasons of climatic oscillations, ice covered areas
express a degradation of glacial ice and formation of
thermokarst. Thermokarst are holes or pits and when
they are active they are usually filled with melting water,
building tiny lakes, unfrozen only in summer. They are a
typical characteristic of the irregular landscape of covered
glaciers in the Andes of Mendoza. They are also found, less
frequently though, on the surface of composed rock glaciers.
This phenomenon of degradation of glacial ice contributes to
a transformation of the area, making it part of a periglacial
landscape. The ice partly melts and then freezes again in the
matrix of the structures of periglacial forms.
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Figure 5. Ice thincut of profile I (M3).

Another important mechanism is the slow movement
of small bodies of ice in the form of an “injection.” This
process is associated with the existence of so-called “dead
ice,” that is to say, bodies of ice without a connection with
the glacier which generated them and which may continue
to exist but withdrawn to much higher altitudes. The ice that
remains locked in parallel, smaller, and colder valleys with
less solar radiation, tends to flow or end up in main valleys
with important rock glaciers or composed rock glaciers. In
other words it favours periglacial genesis.

Comparing the two ice profiles made in 1999 (profile
I) and 2002 (profile II) in a chosen thermokarst, it is easy
to observe that M3 of profile I and C of profile II indicate
the presence of glacial ice by analyzing the characteristics
of their texture. Grains increase in size at growing depth,
and their orientation follows the relict flow of the glacier,
and the bubbles are elongated perpendicularly to F. In this
sense, the C axes of the samples testify to the past glacial
flow following the main direction of the stress (F). This way
it is possible to prove that the samples taken at depth are
correlated and have the pattern that corresponds to the stress
of the main direction denominated F (Figs. 3, 5), and that
they are of glacial origin.

On the other hand the decrease in the density of the defects
indicates that the age of the samples increases with depth.
The mean diameter of the bubbles also decreases with depth,
following the same principle. Apparently the bubbles try
to escape or move upwards, in the direction of n that is,
responding to a temperature gradient in a direction normal
to the site at the permafrost table. This would also explain
the parallel alignment regarding n.

While sample M1 is not textured, M2 shows a texture.
The first is indicating a genesis that is different from the
second, possibly associated to the thick detritic cover of the
profile which acts as an active layer. This ice is mainly of
sedimentary origin, generated by solid precipitations which
infilter and recrystallize, partly undergoing a liquid state in
summer. The textured sample M2, with crystallographical
axis C parallel to n, suggests an intervention of a different
type of stress with an orientation that is perpendicular
to the main stress and which may be due to the collapse
phenomenon in connection with thermokarst formation. The
shape and the orientation of the bubbles support this idea

(Fig. 4). On the other hand in the 2002 profile, sample A is
textured, surprisingly with a diameter of grains superior to
that of sample B which follows below, indicating most likely
that the first sample has been exposed to a higher temperature
than the samples of the rest of the thermokarst. This would
be a case of degraded ice, a possible effect of local or global
warming, and different from the characteristics mentioned
above. The size, shape and orientation of the bubbles would
also indicate a possible phenomenon of freezing. In addition
a remarkable difference between samples A and M1 has to
be pointed out, also reaffirmed by the low density of bubbles
in sample A which was taken in 2002 and is interpreted as
an increase of the mean temperature that affects and creates
thermokarst. The special texture of sample B indicates
a stress phenomenon geomorphologically observed in a
thermokarst environment, which is growing at profile II. But
what would be the origin of the ice of profile II? Is it glacial?
This question arises when the proper characteristics of the
different ice samples are defined. What existed before the
ice suffered the variations described? The hypothesis is that
it was glacial ice that grew with a sedimentary contribution
on top, but that is being transformed and adapted to the
present environmental conditions with warming. It would be
interesting toreconsider the classification by Shumskiy (1964)
according to the processes involved in ice formation.

Conclusions

The microscopical characterization presented in this work
helps to classify three different types of ice in an area of
periglaciation, or cryogenic processes, which interact with
the rock glaciers and may be resumed as follows:

1. Massive ice of glacial origin, indicated by larger ice
crystals with a preferential orientation, that is to say with
the crystallographic C axis parallel to the flow direction;
by elongated or ovoideal bubbles, with low density, also
oriented towards the flow direction in some cases and by
dislocations in the thincuts or plastic replicas which also
indicate the flow direction; in some cases however, like C in
profile I, the particles may limit the size of the crystals and
influence the interpretation;

2. Sedimentary ice represented by small crystals and by
almost spherical bubbles; like in the typical case of M1 and
M2, with a high volumetrical density of bubbles and a larger
mean diameter; and

3. Regeneratedordegradedice, whichis monocrystalline,
with bubbles of a large mean diameter but with low
volumetrical density of bubbles. This ice is associated with
the degradation of permafrost like in A and B of profile II.

On the other hand, as presumed, the layer of sediments
has an important role in relation to the penetration of
the external caloric wave which interacts with different
types of subterranean ice. The phenomena are expressed
microscopically and macroscopically.

In profile I, the external caloric wave is impeded and
stopped by the thick layer of cryosediments accumulated
perpendicularly to the F axis of the main flow and at lower
height which interacts with the solid precipitation that falls
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throughout the year and supports the agradation of ice.
However, this is not the case in profile II, where a much
thinner layer of a thickness less than 1 m, allows much
more external heat to enter and causes a regeneration or
transformation of subterranean ice. In addition there are
clear signals of collapse processes that preferably affect
certain parts (profile II) of the thermokarst perimeter.

Evidently the chosen periglacial area is not in equilibrium,
as inferred by the presence of active or reactivated
thermokarst. These forms are supposed to be much older,
probably from the Middle Holocene when a worldwide
warming and a glacial inactivity were produced. This was
also registered in South America (Rothlisberger 1986).

The changes caused by present warming, and which
affect the structures of the ice, are also clearly observed
in the microcrystalline results of the samples. The area of
periglaciation extends altitudinally, but also affects lower
heights for the contribution of more regenerated ice. It is
an area with abundant “dead ice” that is integrating into
periglacial forms such as rock glaciers. The “glacial flow”
is kept up, hidden, discontinuous and slow, favoured by the
inclinaton of the slopes of small colateral valleys.

The periglacial environment is growing or expanding
upwards as glaciers disappear, are covered by sediments
or are transformed into relict ice. Downwards, that means
descending in height and slope downwards, the ice integrates
into morainic or cryogenic sediments that fill up valleys and
contributes to the formation of new rock glaciers or helps to
maintain the existing rock glaciers in activity.

Different environmental situations may be analyzed on
the basis of the conclusions. If the environment is considered
as continually changing, the “dead ice,” as if it were relict
ice of glacial origin, does not persist in situ; it keeps flowing
as has been pointed out above. This movement is proven
by the microscopical characteristics of ice samples taken
at great depth of the studied profiles. Sedimentary ice also
incorporates into the massive ice in a process of agradation.
These types of ice merge from a periglacial environment
in the existing periglacial forms that have been observed.
The erroneously called “dead ice” partly disappears by
degradation and sublimation, but partly plays an essential
role for the evolution of periglacial forms at lower altitudes.

The phenomenon of ice agradation would cease if the
sedimentary or active layer was very thin and if the mean
temperature of the thermokarst increased. These processes,
the asymmetry and the deformation of the thermokarst,
are represented in the landscape and are expressed in the
microcrystallography of the ice, and they may be used as
environmental indicators.

These studies allow the reconstruction of three
environmental or paleoenvironmental scenarios: (1) old
ice expressing its paleoenvironmental background, (2) ice
indicating agradation or degradation of the present permafrost
environment, and (3) ice expressing geomorphological
processes to be expected in the near future.
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Abstract

Three case studies are presented to demonstrate the effect of InterHeatPipes, which are small-diameter thermostabilizers,
under different permafrost conditions. The installation of the /nterHeatPipes increases the bearing capacity of piled
foundations and therefore provides increased building stability. Thermal disturbances caused by the installation of piles
in warm saline permafrost required a quick heat extraction from the ground to provide the required bearing capacity of
a multistory business centre in Yakutsk during construction. A series of thermostabilizers were installed that provided
very fast ground cooling. Thermostabilizers were also installed to freeze unfrozen soil in the foundation of a nine-
story residential building. The third example presents results of a power line tower foundation using thermostabilizers.
Supports for power lines are critical because frost heave in warm permafrost often results in uneven lifts of the pile
foundation resulting in tilted masts. Ground temperature measurements from the three examples demonstrate how
thermostabilizers can be utilized to increase the bearing capacity of the soil.

Keywords: bearing capacity; permafrost; pile foundations; stability; thermostabilizer.

Introduction

Widespread saline and warm frozen grounds, and natural
or human-induced taliks cause major problems in the
construction of multistory buildings and engineered structures
in permafrost environments. Pile foundations are affected
by vertical frost heave and pull out forces. Such problems
are recorded in Yakutsk, the oldest city among those with a
population of more than 50,000 people built on permafrost.
The geocryological conditions differ significantly from
natural ones. Ground temperature regimes are extremely
non-uniform within one construction site and talik zones are
common under old buildings promoting permafrost thaw.

Future development of modern northern cities requires
the construction of multistory buildings with increased
foundation loads, both vertically and horizontally. Seasonal
cooling devices in combination with local thermal insulation
of the ground surface are efficient in increasing the bearing
capacity of the ground for pile installation, freezing talik
zones and providing stability of foundations against pull out
forces, including frost heave forces. This paper presents the
usage of InterHeatPipe thermostabilizers as cooling devices
on two multistory buildings and a power line foundation.

Site Description

Business centre office building: Block B
The construction site for a new business centre is located
in the centre of Yakutsk where previously one-story wooden

houses and public buildings were situated. The office
building (block B) is 33.0 m x 40.5 m and is located in the
centre of the new complex. It is a 13-story building capped
by a two-story dome. Structurally, it represents a monolith
reinforced concrete framework with a maximum pillar
grid distance of 6.0 m x 7.5 m. During site investigations
geocryological conditions were identified, characterized by
low temperatures, which are typical for the centre of the
city of Yakutsk, and high salinity of shallow soil layers.
At the depth of zero annual amplitudes (10 m) the ground
temperature varied between -3.4 and -5.2°C, with the lower
temperatures measured in places with maximum ground
salinity (D_, = 0.58%), and warm temperatures (-3.4°C) in
places with minimum ground salinity (D_, = 0.13%).
According to the Russian construction code (1988) the
calculations of the bearing capacity for pile foundations
have to consider less favorable conditions: higher ground
temperatures (-3.4°C) at a depth of 10 m, and the maximum
depth of saline ground (5.5 m).
The geological section is represented by the following
types of soils:
e 0-0.8 m: fill (medium and silty sand, construction
waste);
e (0.8-5.5 m: silty sand with the some organic remains,
saline;
e below 5.5 m: fine and silty sand of massive cryogenic
texture, hard frozen.
Pile clusters of three or four piles combined were designed
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Figure 1. Schematics of the thermostabilizers (a) and the thermal
insulation of the ground surface (b) for the business centre.

for the foundations depending on the loads. Square reinforced
concrete piles measuring 40 cm x 40 cm were 10 m and
12 m long, and embedded into permafrost to depths between
8.8 m and 10.8 m. The piles were installed into boreholes
with diameters larger than the piles. According to the design,
borehole pockets should have been filled with cement and
sand slurry. The calculated bearing capacities for the pile
installation was 1620 kN and 2380 kN, for the 10 m and
12 m long piles, respectively. The calculated pile loads were
1300 kN and 1930 kN.

During the pile installation, water from the thawed layers
close to the surface penetrated into the boreholes warming
the ground so that the temperatures at 10 m depth increased
-2.1 to -2.7°C. Inspections of the borehole grout showed that
piles froze to the saline drilling mud but not to the cement and
sand slurry. In addition, the temperatures were significantly
higher than calculated. New calculations that considered
in situ ground temperatures and salinity increase along the
entire length of the piles showed that the bearing capacity of
the installed piles was only 610 kN and 856 kN for the 10 m
and 12 m long piles, respectively.

Nine-story residential building in the 29" city block in
Yakutsk

Until late 1970s there was a lumber-processing plant
located on the bank of the Zavodskaya river canal. Later the
river canal was filled with lumber-processing waste. A zone
of unfrozen ground with high content of organic material
formed.

The site mainly consists of upper quaternary alluvial
sediments represented by sandy and clayey deposits to
a study depth of 26.3 m. Between a depth of 23.5 m and
25.7 m the top of Jurassic sediments formed by siltstones
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Figure 2. A section of the founda tion scheme of the area with
taliks of the 9-story residential building and the scheme of the
thermostabilizers (TMD-5) and the location of boreholes (TB-1,
7).

were penetrated. The natural ground is overlain with a fill
of sand, sandy loam and loam mixed with chip, bark, board
chippings, logs; that is, all sorts of sawing wastes. The
inclusions vary from rare to thick and are non-uniform in
both horizontal and vertical direction. The thickness of the
fill within the site is between 3.9 m and 9.4 m. Some loam
sand lenses were also found. These layers are usually saline
with organic inclusions. Below the fill the geological section
is represented by sands of various ranges; that is, fine, silty,
medium, and gravel sands.

Drilling in July/August 2006 revealed both frozen and
thawed ground on the site. Thawed ground was penetrated
in the active layer as well as at greater depths within the
permafrost. Later are inter-permafrost taliks of different
thicknesses and distribution. Thawed ground occupies about
a third of the site. The origin of the inter-permafrost taliks
is initially connected to a former river canal that formed a
talik. The river canal was later filled with lumber processing
wastes and the surface was leveled with fill, consisting of
dry ground that resulted in deep freezing from the surface
and a formation of shallow short-term frozen ground. Cast-
in-place piles of 650 mm diameter and different lengths are
designed for the foundations. The design also suggests that
the lower part of the pile to be embedded in permafrost, as

well as preconstruction ground freezing.

Power line supports

The site with supports for a power line is situated in
the southwestern part of Yakutsk. According to the site
investigations the active layer is represented by sandy loams
and loams. The ground becomes liquid when it thaws.
According to a frost heave parameter the sandy loam is
referred to as a highly frost susceptible soil and the loam to an
extremely frost susceptible soil.

The frozen ground is represented by silty, fine and medium
sands. Ground temperatures measurements carried out in 2001
showed warm temperatures that are not typical for Yakutsk
(-0.3 to -0.9°C at a depth of 10 m). The inclination of the
support exceeded the maximum allowable values. The power
line supports are sunk-drill piles (two piles under each foot)
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Figure 3. The scheme of the TMD-5 and location of temperature
borehole TB-1 near the power line support No. 44.

with a 30 cm x 30 cm cross section and a length of 8 m.

Calculations of foundations showed their instability under
vertical forces due to frost heave when the active layer
refreezes. The power line supports are subjected to both
compressing and pull out forces, therefore, the combination
of pull out and vertical forces due to frost heave control heave
and tilt of the foundations.

Techniques of Pile Bearing Capacity Increase

To provide the bearing capacity and stability of piles
for engineering structures under the above-mentioned
permafrost conditions ground temperature control was
necessary. Seasonally cooling devices were widely used
for heat extraction and to cool down ground temperatures.
Thermopiles (Long 1963) and kerosene devices (Gapeyev
1969) are well known. Liquid seasonally cooling devices
were used to refreeze thawed ground and to cool plastic
frozen grounds (Biyanov et al. 1973), refrigerated piles were
installed for multistory buildings in Mirny (Makarov et al.
1978), different types of thermosyphons and thermopiles
were further used for numerous constructions in Alaska
(Borjesson et al. 2007). In recent years InterHeatPipe
thermostabilizers of small diameter are widely used for
constructions in the Russian north (Lyazghin & Pustovoit
2001, Bayasan et al. 2002). Aluminum thermostabilizers,
type TMD-5, with an equivalent diameter of 54 mm have
the following advantages compared to other well-known
seasonally cooling devices:

e low internal and external thermal resistance where the

evaporator and the condenser are located,;

e low temperature gradient along the length of the

seasonally cooling device;
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Figure 4. The ground temperatures near piles No. 52 (a) and No.
77 (b) of the business centre building after the installation of the
thermostabilizers.

o high rate of freezing and effective cooling;

e short response time, which increases the period of

active work of TMD-5 (1.0—1.5 months per season).

In addition to the seasonally cooling devices, the
engineering design for ground thermal control includes the
use of a thermal insulation. This was recommended and
applied in all of the above-mentioned examples.

For the business centre office building, where the
ground temperatures increase was recorded and the pile
bearing capacity was exceeded, it was designed to install
additional piles and to place thermostabilizers TMD-5. The
condensators were tilted under the grid, in the centre of pile
cluster. To decrease the depth of thawing and, consequently,
to expand the adfreezing surface of the piles with the frozen
ground the surface was protected with a thermal insulation
foam (Fig.1).

Thermostabilizers for the 9-story residential building
foundation were designed preliminary to refreeze the thawed
ground. Piles will be loaded after the ground around them is
frozen. The bearing capacity of the cast-in-place piles in a
thawed zone was calculated considering the thawed state of
the ground. An air space under the building allows cold air
circulation, hence a gradual freezing of thawed ground and
the maintenance of the frozen state.

Figure 2 shows a section of the foundation scheme for the
area with inter-permafrost taliks where thermostabilizers
were installed.
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thermostabilizers located at different distances.
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To prevent the failure of the power line supports, ground
cooling by installing seasonally cooling devices was
recommended. Thermostabilizers together with surface
thermal insulation are provided to cool down the ground
temperatures and to reduce the depth of seasonal thawing.
This measure increases the adfreezing surface of the piles
with the ground and decreases the surface of piles under the
effect of vertical forces due to frost heave. The scheme of the
TMD-5 installation is shown in Figure 3.

To measure the performance of the thermostabilizer and
monitor ground temperatures boreholes were instrumented
with thermistors. In addition, survey points were installed to
measure support and foundation deformation.

The thermostabilizers for the business centre office
building were installed in March 2006, those for a 9-story
residential building in March 2007 and those near the power
line supports in December 2006.

Results and Discussion

Figure 4 shows a set of ground temperatures beneath the
business centre office building in two representative boreholes.
TB-1 (near pile No. 52) is placed at the distance of 1.2 m, TB-2
(near pile No. 77) at the distance of 1.6 m from the TMD-5.
Prior to the installation of the thermostabilizers (February
28, 2006) the temperatures at the tip of the pile (at the depth
of 9 m) were between -2.2 and -2.5°C. At the same level the
natural ground temperatures reached values between -3.4 and
-4.2°C. Thermostabilizers were installed near pile No. 52 on
March 15, 2006, and near pile No. 77 on March 26, 2006. The
temperatures decrease as soon as the thermostabilizers had
been installed. At the same time in upper permafrost layers
(4-7 m) the temperature decrease was even more intensive
and continued during the warm season (June 13, 2006)

Some temperature increase was recorded on January 15,
2007, but by the end of the cold season (April 10, 2007) the
ground temperatures became much colder than on April 14,
2006 (after thermostabilizers worked for 20-30 days).

The end of a warm period (September for Yakutsk) is typical
for the ground temperature regime. According to the tempera-
ture distribution on September 12, 2007, permafrost tempera-
tures in both boreholes were low and nearly identical. As it has
been stated above, thermistors were installed at a different dis-
tances from the thermostabilizers. Figure 5 shows the ground
temperature decrease in two boreholes located at the distance
of 0.55 m and 1.6 m from the thermostabilizers. Initial tem-
peratures were almost similar and the thermostabilizers were
installed on the same day. The figure further shows the intensive
decrease in temperature where thermostabilizers were placed
close (0.55 m) to the boreholes. However, such a tendency is
not typical for the middle layers, which is probably affected by
other factors, such as the composition, moisture content and sa-
linity. These factors were not the subject of this investigation.

The data demonstrate that the proposed engineering
design allowed the increase of considerably colder ground
temperatures and a decrease in depth of seasonal thaw beneath
the business centre office building. Ground temperatures lower
than the calculated ones allowed the required bearing capacity
of the soils and the transfer of calculated loads to piles.

Figure 6 shows typical diagrams of ground temperature
changes for the 9-story residential building. As it was stated
above, talik zones of different thickness were found below the
building; thus ground temperatures were non-uniform. Figure
6a shows the temperature changes in borehole TB-1.

Ground temperatures along the entire depth of the borehole
were positive at the end of a warm season (September 10,
2007), but by November 29, 2007, zero degree was recorded
at depths below 3 m, and they stayed until January 24, 2008.
Similar temperatures were observed in boreholes TB-2 and
TB-4. Figure 6b presents the change in ground temperatures
in borehole TB-5, where a talik was present at a depth of
7.5-9.5 m. According to the figure, ground cooling with the
use of thermostabilizers resulted in subzero temperatures
by December 5, 2007, and they continued to decrease (e.g.,
January 28, 2008). The figure further shows the peculiarities
of refreezing thawed ground. Freezing of moist ground is
characterized by the latent heat during phase change from
water to ice. Therefore, the temperatures remain at about 0°C
(the temperature of water freezing) before ground cooling
continuous, which was observed in borehole TB-5. The data
obtained demonstrate the efficiency of thermostabilizers when
thawed soils are frozen under buildings.

The calculations for made-in-place piles of this building
were made with consideration of thawed ground conditions.
The purpose of installing thermostabilizers was to reach
uniform ground temperatures and to avoid uneven settlements
of the foundation. The design also requires the establishment
of subzero temperatures before loading of the foundation
may begin.

Thermostabilizers were installed near the foundations of each
foot of power line supports, subjected to heave deformation.
Figure 7 illustrates the change in ground temperatures after
the thermostabilizers were installed in the ground under one
of the supports.

Thermistors were installed in a borchole located at a
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Figure 6. Ground temperature changes in boreholes TB-1 (a) and TB-5 (b) for the 9-story residential building.
rather large distance from the thermostabilizers (2.25 m). Temperature ?C
Nevertheless, the figure shows the decrease in temperature 60 50 40 30 20 10
compared to the initial conditions. In addition to the 0
temperature measurements, foundation deformations were 1 . .

monitored during the winter of 2006-2007, and no vertical
deformations were noted for the two supports; that is, the
reduction in ground temperature provided the necessary
resistance of the foundations against the vertical forces of
frost heave.

Conclusions

Small diameter InterHeatPipe thermostabilizers were
installed under different structures in the city of Yakutsk to
improve the ground-bearing capacity. In situ measurements
of the temperature regimes of the ground cooled by the
thermostabilizers allow for the following conclusions.

e Problems during the installation of the piles for a
business centre office building resulted in warming
ground temperatures and insufficient bearing capacity.
Thermostabilizers and thermal insulation on the ground
surface allowed the obtainment of calculated ground
temperatures to decrease the depth of seasonal thaw and
increase the bearing capacity of the pile foundation.

e Thermostabilizers used to freeze talik zones below a
9-story residential building showed their suitability and
the dependency of the talik thickness on the period of
temperature decrease.

e Thermostabilizers used to decrease ground temperatures
and increase the resistance against vertical forces due
to frost heave also eliminated uplift deformation of the
pile foundations for a power line support.
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Figure 7. Ground temperatures before (2001) and after (2007) the
installation of thermostabilizers the near power line support No.
44,

e The effectiveness of thermostabilizers depends on the
initial ground conditions, properties, composition, and
temperatures.

e The data obtained confirm the validity of engineering
solutions by the use of seasonal cooling devices to
increase the bearing capacity and stability of piles in
permafrost.
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Vegetation Response to Landslide Spreading and Climate Change
in the West Siberian Tundra

N.G. Ukraintseva
Institute VNIIST (Institute of the Engineering and Construction of the Oil-Gas Pipeline), Russia

Abstract

Cryogene landslides are widespread and well investigated in the sub-arctic tundra. On the Upper Pleistocene marine
plains, active landslide process brings to the surface marine saline deposits saved by permafrost. The landslide-affected
slopes present a system of morphologically expressed and often overlapping landslides of different age. Patterns of re-
vegetation and “self-stabilization” of landslides as indicators of landslide age have been studied. Natural enrichment
of the soil, water, and vegetation in many nutrients leads to anomalous productivity on landslide-affected slopes and
to the expansion of high willow shrub to the north. Areas of near-surface distribution of marine saline deposits and old
landslides are correlated to the area of high willow shrub tundra. Estimation of cryogenic landslide distribution north
of Western Siberia has been studied using methods of landscape indications. Spreading of cryogenic landslides further
to the north may be an indication of a warming tendency in the Aarctic climate.

Keywords: cryogenic landslides; marine deposits; willow shrub.

Introduction

Special interest in studying the process of cryogenic
sliding has arisen after a mass descent of landslides in many
areas of the Russian and North American Arctic regions in
1988-1991. Landslide processes affect the surface of marine
plains and terraces. The permafrost table serves as a “mirror”
for sliding masses; therefore, the majority of researchers name
them “cryogenic landslides” or “active-layer detachments”
(Levkovicz 1990, Harry & Dallimore 1989, Leibman 1995,
Poznanin 2001). The cryogenic landslides are developing
on surfaces built of fine-grained marine sediments with high
salinity. Outcropping of frozen salty marine sediments took
place due to seasonal sliding of the thawed water-saturated
ground over the permafrost table. This process leads to sediment
desalinization and enrichment of the active layer with salts
(Dubikov 2002, Leibman 1995, Ukraintseva et al. 2003).

The purpose of the present study is to estimate the
distribution of cryogenic landslides in the north of the Western
Siberia using methods of landscape indication.

Study Area and Methods

The basic area of research is the region of the
Bovanenkovsky gas refinery (between the Mordyjaha and
Naduyaha Rivers) and projected gas pipeline “Yamal Center”
in western and central Yamal. The author’s research materials
from the Peljatkinsky gas refinery (Lake Pelyatka, southern
Gudan) and the coast of the Yenisey Gulf (Shajtansky,
western Taimyr) are used also.

The research station of “Vaskiny Dachi” is located in
typical tundra of central Yamal. Since 1991, field groups from
the Earth Cryosphere Institute of the Russian Academy of
Sciences (Tyumen) have been studying cryogenic landslides
(with participation of the author). The technique of field
sampling and laboratory analysis of samples is described in
the paper by Ukraintseva et al. (2003).

Hara Sea

nqny) DRDYEg0

5

Figure 1. Study area: research station Vaskiny Dachi in central
Yamal Peninsula is marked by the star.

In the area of the Bovanenkovsky gas field, 10 key
sites within landscapes of 1V, III, and II marine plains and
terraces in the valleys of Nadujjaha, Seyaha, and Mordiyaha
Rivers were explored. The large-scale landscape map of the
Bovanenkovsky area was made using GIS-Technologies
(Drozdov & Ukraintseva 2000). A method of landscape
indication was applied to determine the relative age of
landslides slopes (young and ancient) in each landscape.

The landscapes map of the north of Western Siberia
published in 1991 (with scale 1:1,000,000) was used for
extrapolation of the obtained data to all typical tundra. The
legend of the landscape map of the Bovanenkovsky gas field
was generalized and made consistent with the legend of the
published map. This allowed the extrapolation of calculation
results according to the principle of landscape analogies
and estimation of a fraction of landslide slopes in landscape
areas of typical (sub-arctic) tundra.

Spatial distribution various vegetation communities was
evaluated using an analysis of the distribution of Nenets’
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Figure 2. Trace element composition in various structural parts of
willow. 1-willow trunk; 2—willow branches; 3—willow leaves.

names (toponyms) on topographic maps of northwestern
Siberia with a scale of 1:1,000,000 (with insertion of several
larger scale pieces).

Landslides in the Subarctric Tundra

Biogeochemical features of landslide-affected slopes

In the region of typical tundra where salted marine loams
and clays lie close to a surface, cryogenic landslides of sliding
are widespread on the Upper Pleistocene marine plains and
terraces and have been studied in detail. Extended landslide
slopes represent a system of morphologically expressed
landslides of different ages quite often overlap each other.
In comparison with background conditions, biogeochemical
features of ecosystems of landslide slopes vary significantly.
The main features of landslide processes in the regions of
interest were described earlier:

° Mechanical displacement of land, mixing, and
increase of heterogeneity (vertical and lateral) of granulometric
structure of the active layer (Ukraintseva & Leibman 2007);

o Periodic activation and recurrence of landslide
descent, leading to change of a longitudinal profile of a
slope and position of the permafrost table (Ukraintseva et al.
2003);

o Destruction of topsoil layer and vegetation cover
along the sliding surfaces, and burial of organic soils on the
landslide bodies (Ukraintseva & Leibman 2007);

o Desalination of the marine premafrost and
enrichment of the soil-vegetation cover with dissolvable salts
(mineral nutrients), accelerating “self-stabilization” process
of the landslide-affected slopes (Ukraintseva et al. 2003);

D Age of the landslides defined by the radiocarbon
dating of buried organic matter, varies from 0-30 till 1500—
2000 (Leibman et al. 2000).

° Increase of fertility of the soils enriched by nitrogen,
potassium and organic matter: peat soils prevail in ancient
landslide slopes with thickness of organic layer 20 cm or more
(Ukraintseva & Leibman 2007);

o Change of structure and increase of the phyto-mass
storage on the surface of the landslide slopes represented
by high willow shrubs (Ukraintseva & Leibman 2000,
Ukraintseva 2004).
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Figure 3. Landslide-affected slopes in structure of landscapes of
the Bovanenkovsky gas field (Melnikov & Grechishchev 2004).
1—young slopes; 2—old and ancient slopes.

The rich microelement structure of the substratum promotes
zinc accumulation in leaves and trunks (Fig. 2), and raises the
frost resistance of willow. Due to this, willows form steady
communities in unusually high latitudes (up to 70°N, —72°N).
This is confirmed by conclusions of other researchers who
refer to willow bushes as pioneer plants which spread out into
natural or human-caused bare soil tundra (Andreev 1970, Burn
& Friele 1989, Geertsema & Pojar 2007, Matsuda et al. 1988,
McKendrick 1987, Pospelova & Pospelov 2000, Rebristaya et
al. 1995, Sturm et al. 2001, Ukraintseva & Leibman, 2000).

The next step in research of the landslide processes is an
estimation of their spatial distribution.

Landscape indicators of landslide-affected slopes

On large-scale aerial images, -only young landslides
(younger than 100 years old) can be detected. Old and ancient
landslides are expressed weakly in morphological structure
and do not have direct pattern on the image. For mapping of
PLAITS on aerial images, the indirect method—the method
of landscape indication based on studying of spatial and
temporal variation of a vegetation cover—is applied.

In the investigated areas, the dominating community of hill
tops and stable slopes is bush-grass-moss and bush-lichen-
moss tundra—the background communities of typical tundra.
The vegetation cover on the landslide slopes sharply differs
from the background.

There are three basic stages of re-vegetation of landslides,
and there are three gradations of landslide’ relative ages,
respectively: young, old, and ancient (Ukraintseva et al. 2003,
Rebristaya et al. 1995). On young surfaces of landslides (10—
15 years after a landslide occurred), bare soil sites alternate
with pioneer meadow groupings of Phippsia concinna,
Tripleurospermum Hookerii, etc. At the same time, some
short bushes (willow, dwarf birch) still remain on young
landslides; mosses degrade and wilt, and pioneer plants
(cereals, a sedge, a horsetail) appear. On old landslides (from
100300 till 1000 years old), the second stage of re-vegetation
is observed—meadow communities with participation of
mosses and active renewal of a willow (0.3—1 m height). And
finally, associations of Salix glauca and S. lanata (height:
1.5-2 m) are characteristic for ancient landslides (from 1000
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Table 1. Landslide slope area in typical tundra of Western Siberia.

Fraction Fraction of  Fraction of
ofareain landslide landslide
Area, the zone slopes in slopes in the

Regions km? % the area %  zone %

11 4946 4,94 20,28 1,00

12 19337 19,31 30,19 5,83

13 18103 18,07 1,83 0,33

14 8767 8,75 31,92 2,79

15 3063 3,06 0,46 0,01

16 13500 13,48 15,92 2,15

17 20764 20,73 9,54 1,98

18 11677 11,66 19,11 2,23

Total 100161 100,00 - 16,32

to 2000 years old (Leibman et al. 2000)—sparse moss-grass
willows on surfaces of sliding and dense grass-moss willows
on landslide bodies. High willows occupy the most area on the
landslide slopes.

Successive stages of re-vegetation of landslides determine
choice of landscape indicators. Two last stages of landslide
re-vegetation are poorly distinguishable on aerial images,
merging together and creating a small grey texture of bush
communities. Thus, the landscape indicators of old and ancient
landslides (older than 100-300 years) are high willows (an
index 6n), and modern young landslides are identified by
pioneer meadow communities with bare soil surfaces (an
index 6p).

Distribution of landslide-affected slopes on the
Bovanenkovsky gas field

On a large-scale landscape map of the Bovanenkovsky
gas field (Drozdov & Ukraintseva 2000), the relative age of
landslide slopes (young and ancient) in the structure of each
landscape is calculated. The maximum distribution of landslide
slopes is characteristic for large-hill thermodenudation areas
of III marine plain (Il m: V = about 57%). The fraction of
young landslides from the total area of landslide slopes for
all districts does not exceed 20-30% that indicates some
attenuation of process (Fig. 3).

Landslide slopes in typical tundra

The map of natural complexes of nnorthwestern Siberia
(scale 1:1,000,000) published in 1991 was used for
extrapolation of the received data on all typical tundra. In the
region of typical tundra, eight landscape areas are allocated,
for each of which the histogram of morphological structure—a
percentage of landscape and land area—is determined. This
allowed extrapolation of results of calculations by a principle
of landscape analogies. The legend for a landscape map of
the Bovanenkovsky gas field was generalized and is made
consistent with a legend of the published map.

Evaluation of the distribution of landslide slopes in typical
tundra of western Siberia is presented in Table 1.

Areas of landslide processes occupy more than 16% of a total
area of typical tundra zone. It is a high percentage, considering
that landslides occur only in the most elevated locations. The

°I

Figure 4. Nenets toponymics (denominations) on the West Siberian
topographical map. l-pyasyada, tartsya (nude); 2-nero, nerka,,
neruta (willow shrub, willow canopy, Salix sp.); 3—pae, paya (alder
shrub, Alnus fruticosa); 4—kharv (larch, Larix sibirica); 5S—khadita
(fir, Picea obovata); 6-limits of subzones. Zone and subzone: I-
arctic tundra; [I-typical (subarctic) tundra; IlI-southern (low) tun-
dra; IV—forest-tundra.

maximum activity of landslide development—over 30% of the
area—is characteristic for central Yamal (area 12) and western
Gudan (area 14), where hilly sites (V) consisting of permafrost
marine loam and clay with salinity over 0.5% (Dubikov 2002)
prevail. Landslide slopes occupy about 15-20% of the area
of Western Yamal (area 11), Gydansky ridge (area 16), and
Tanamo-Yenisey valley (area 18). The structure of these areas
almost does not concede to the first two, but the fraction of
sand covering salted marine clay increases. The fraction of
landslide slopes is minimal in low, strongly boggy, mainly
sandy areas (A) with widely-developed river network: east
Yamal (area 13), valleys of the rRivers Juribej (area 15) and
Tanama (area 17) on Gudan Peninsula.

Willow tundra in Nenets toponymics

The main feature of toponymics of the Nenets people living
in the Far North in severe climatic conditions is their deep
penetration into nature. To survive in tundra, every Nenets
knows (notices) seasonal rhythms of nature and is able to
predict the approach of sharp changes of weather and extreme
natural phenomena by monitoring the behavior of animals or
the state of the vegetation. Figure 4 shows zone borders from
the map of northwestern Siberia and the distribution of Nenets
toponymics characterising the vegetative cover.
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Figure 5. Salinity and cation ratio in active layer profiles on Cape
Shaitansky, Western Taimyr. Top panel-stable watershed; bottom
panel-young shearing plane.

Thus, the typical terms for the Arctic tundra are pyasyada
(bald) and tartsya (nude). In typical tundra, the names nero,
nerka, neruta, and neromo (willow shrub, willow canopy) are
very common. Borders of southern tundra are underlined by
various names with a root base of pae or payu, corresponding
to alder shrubs. The northern limit in the spread of these names
on the Yamal Peninsula is the lower part of River Juribej. And
it was 40 km from the mouth of Juribej, where the first and the
most northern curtains of alder shrubs have been observed on
the aerial images.

Toponymic areas repeat outlines of natural zones and
subzones, being a little displaced to the north. In the eastern
(Prienisejsky) part of the region, the warming effect of the
Yenisey River accounts for the especially considerable
displacement of toponymic area of alder and larch to the north.

Toponymic areas of alder shrubs and tree species are not in
the focus of the present study of landslide slopes distribution.
They are shown on the map to illustrate high correlation of
Nenets’ toponymics to the nature laws. The alder shrub is not
an indicator of subzones in southern tundra since it grows
mainly in valleys of the rivers (dependent sites). Willow
tundra, on the contrary, is widespread on the watersheds
(independent sites) where they can be the indicator of ancient
landslide activity (Ukraintseva 2004).
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Figure 6. Potassium, phosphorous, and chlorine in grasses on Cape
Shaitansky. A3—stable site; B1—shearing plain; C1-landslide body.

Landslides in the Arctic Tundra

Cryogen landslides with glide faces formed by the roof of
the salty marine permafrost are widespread on the Yamal and
Gudan Peninsulas, on the Taimyr coast of the Yenisey Gulf
(from Dixon to Cape Shaitansky), as well as on the islands
of the Canadian Archipelago (Ukraintseva et al. 2004, Harry
& Dallimore, 1989, Lewkowicz et al 1990). Bare landslide
surfaces with salt outcrops are well observed and overgrown
with pioneer grasses and herbs with halophytes (vegetation
cover varies from 10% to 80%). Landslide age being
estimated by vegetation development ranges from a few to
several dozen years.

Cryogen landslides are studied in Yenisey Gulf near
Cape Shaitansky. The salinity and marine cation ratio
(Dubikov 2002) in active layer witnesses the marine origin
of sediments (Fig. 5). A joint plot of vertical distribution
of salinity and cation ratio clearly illustrates the degree of
diagenetic transformation of the marine deposits. On the
young shearing plane, the saline marine clay got into the
active layer only recently, and its desalination is still in
the initial stage. The values of clay salinity on the young
shearing plane profile (Fig. 5, bottom panel) are close to
0.2%, which is higher than cation ratio values (salinity curve
is to the right from the cation ratio curve). The active layer
of stable watershed and slopes was long-term flushed due to
drainage and precipitation during the warm seasons of the
year. In these areas, the salinity of the active layer is close to
zero (Fig. 5, top panel), and the salinity curve is to the left
from the cation ratio curve.

Grasses growing on the shearing plain and landslide bodies
were considerably more enriched with chlorine, phosphorous,
and potassium relative to stable areas, therefore marking
leaching of these elements in stable conditions (Fig. 6).
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Figure 7. Salinity and cation ratio in active layer profiles on
Pelyadkinsky gas field, Southern Gydan. Top panel-young shearing
plane; bottom panel-the same shearing plane after repeated
landslide event.

Landslides in the Low (Southern) Tundra

The 10-20-year-old landslide events have been studied in
2003-2005 in the Pelyatkinsky gas field located in southern
tundra. Salinity and ratios of continental and marine cations
also showed the initial marine origin of the sediments in these
areas (Fig. 7). Unlike typical and arctic tundra, landslide
events in southern tundra bring already significantly
diagenetically reworked marine sediments to the active layer
(Fig. 7, top panel); thus, cryogen sliding in these areas can be
traced by thick layers of diagenetically reworked deposits.
After repeated landslide events on the same slope in 2004,
the saline marine layer has been exposed at the surface (Fig.
7, bottom panel). As a result, the saline marine permafrost
lies twice as deep compared to modern thaw-depth: at 2.5 m
depth or even deeper.

The slope is overgrown with low dwarf birch and
undershrub-moss tundra. Despite the long-term desalination
process, chlorine content is still higher in horsetail and
willow leaves inhabiting shearing plains and landslide bodies
as compared to the stable background surface (Fig. 8).
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Figure 8. Chlorine in plants. For sites, see comments to Figure 6.

Conclusions

In the arctic tundra, young cryogenic landslides formed
by the roof of the saline marine permafrost are widespread.
Bare landslide shearing planes with salt outcrops are well
observed and overgrown with pioneer grasses and herbs
with halophytes. Landslide age estimated from vegetation
development ranges from a few to several dozen years.

In the typical (subarctic) tundra, cryogen landslides are
mostly widespread and extensively investigated. Areas of
cryogenic landslide slopes have been evaluated using the
landscape indicator technique, and they occupy close to 16%
of the total area of the subzone. The cryogenic landslide
process is the leading landscape-forming process in the
typical tundra of western Siberia.

Maximum landslide activity (more than 50% of the area)
is characteristic for the elevated plains of central Yamal and
western Gydan, formed by permafrost marine loam and
clay with 0.5% salinity and higher. The fraction of young
landslide slopes (10-100 years old) is estimated not to
exceed 5-30%. This is an indication of the gradual decay of
landslide processes in these areas.

In the southern (low) tundra, cryogenic landslides have
been active since the Holocene Hypsitermal (7000—8000
years ago). At the present time, the desalination process of
landslide slopes is finished. The slopes are covered with
thick mosses and high willow shrubs partially replaced by
dwarf birch. Thick layers of old diagenetically reworked
deposits containing a mixture of iron-enriched and buried
organic-enriched sediments might be the only indicators that
cryogenic sliding took place on these hill slopes.

Thus, during the Holocene, landslide processes slowly
moved further north, causing the consequent spread of
willow communities with high bio-productivity to the
north. Southern tundra (at present the process is finished)
formed 5000-8000 years ago; typical tundra (active process,
widespread high willows), 2000-0 years ago; and arctic
tundra (the beginning stage, young landslide slopes with



1798 NINTH INTERNATIONAL CONFERENCE ON PERMAFROST

grass cover and sparse willow restoration), 20-30 years
ago. The indicator of the final stage of the landslide process
is the replacement of high willow shrubs by typical zonal
vegetation with a thick lichen-moss-litter layer.

Therefore, the presented study has demonstrated that the
dynamic process of cryogen sliding caused by increase of
heat, moisture, and seasonal thaw-depth is moving to the
north. This can be considered as an additional indication of
the global warming tendency in the arctic climate.
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Abstract

Several lines of evidence indicate that permafrost is present at elevations above ca. 775 m a.s.l. in the Mount Alvear
region of the Sierras de Alvear, Fuegian Andes, Argentina. Ground temperatures recorded to depths of 1.3 m in sorted
circles remain near 0°C in late summer and suggest perennial frozen ground at a depth of approximately 1.5 to 2 m.
Three active rock glaciers occur in the upper Alvear Valley. On the flat surface to the east of the Alvear Glacier, sorted
circles are located in the centres of poorly-defined polygons. The latter are interpreted to reflect either joint widening
in underlying bedrock or thermal-contraction cracking in bedrock. Collectively, this evidence suggests the presence of

permafrost on the higher summits of the Fuegian Andes.

Keywords: Argentina; Fuegian Andes; ground thermal regime; mountain permafrost; rock glacier.

Introduction

The distribution and characteristics of mountain
permafrost in the southernmost Andes are, to date, poorly
known. This contribution provides both geomorphological
and instrumental (ground temperature records) evidence for
the occurrence of permafrost in the high levels of the Sierras
de Alvear, Tierra del Fuego, Argentina (Fig. 1). The central
sector of the Fuegian Andes is characterized by the presence
of a wide variety of cryogenic landforms related to ground
freezing and/or to nivation activity (e.g., frost-heaved clasts,
patterned ground, debris lobes, clast pavements, and protalus
ramparts) (Valcarcel-Diaz et al. 2006), and to permafrost
occurrence (rock glaciers). According to Corte (1997), the
lower limit of permafrost in the Fuegian Andes is located at
900 m a.s.l.

The research presented in this contribution has focused on
an unnamed summit and the upper Alvear Valley (54°40'S,
68°02'"W), both located ca. 2.5 km to the E of Mount Alvear
and the Eastern Alvear Glacier, at elevations ranging from
775 to 1077 m a.s.l. The summit is a nearly flat, clast-
covered surface with occasional rock outcrops. The upper
Alvear Valley shows steep slopes and is bounded by an aréte
and a near-vertical rock wall. The bedrock is composed
of Late-Jurassic basalts, porphyrites, and slates (Olivero
& Martinioni 2001). Southern Tierra del Fuego climate is
cold-temperate and wet (Tuhkanen 1992). Air temperature
measured from January 2005 to January 2006, at 1050 m
a.s.l. near the upper col of the Alvear Valley was -2°C.
No precipitation data are available for these mountains.
Snowfalls are frequent and may take place year-round, even
during summer. Strong and persistent winds blow on the
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Figure 1. Location of the Sierras de Alvear.

summit area, where gusts exceeding 140 km/h have been
recorded. Vegetation cover is extremely scarce and is limited
to communities of lichens and mosses.
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Geomorphological Observations

A geomorphological survey, focused on the identification
of potentially active landforms indicative of permafrost, was
carried out in the summit area and the upper Alvear Valley.

The nearly flat summit is almost entirely covered by a sheet
of rock rubble, composed of basalt and porphyrite angular
clasts, overlying solid bedrock. The thickness of the rubble
sheet is roughly estimated to exceed 1 m. However, small
outcrops of bedrock occur, showing evidence of widespread
and intense mechanical weathering. Poorly defined
polygons, 4 to 5 m wide, delimited by shallow furrows or
trenches 30 to 50 cm deep, have developed in the underlying
bedrock. Small depressions or stone pits have formed in the
intersections of the furrows. Sorted circles (“stony earth
circles”), composed of an exterior border of coarse clasts
enclosing an inner sector of sands, silts, and isolated larger
clasts, occur in the centers of the polygons (Fig. 2). The latter
are interpreted to reflect either joint or fracture widening in
underlying bedrock or thermal-contraction cracking of the
bedrock. Although it has yet to be proven if the polygons are
presently active, the inner nonsorted circles show present-
day activity related to seasonal freezing.

Three rock glaciers occur at the foot of the northwestern
ridge of the upper Alvear Valley. According to shape, one is
complex, the second is lobate, and the third is tongue-shaped.
All ofthem are of reduced dimensions, but nevertheless, seem
to be presently active. As the tongue-shaped rock glacier
is better-developed than the others, the geomorphological
survey was conducted on it. This is a small, talus-derived
rock glacier 150 m long, 70 m wide, and 22 m high (Fig. 3).
It is located at the foot of a southwest-facing, near-vertical
rock wall, and it extends downwards to 775 m a.s.l. The root
area grades into a steep talus slope (mean gradient is 36°). Itis
predominantly composed of angular, slate blocks, embedded
in finer debris, and it is directly connected with its source
area. The shales that form the rock wall are densely jointed
and foliated, being highly susceptible to frost weathering and
favoring talus production. Under present climatic conditions,
talus production is considerable. Transport of debris from the
talus to the root area of the rock glacier seems to be steady.
This landform shows some of the features stated by Barsch
(1996) as to be distinctive of active rock glaciers, e.g., steep
front and side slopes (mean gradient is 38°), and exposure
of fine, light-colored, unweathered material in the front and
side slopes.

Methods

A shallow borehole equipped with thermistor probes was
set up in the summit area. The aim was to get temperature
records that could prove the occurrence of permafrost. Due to
logistical problems, a similar borehole could not be drilled in
the tongue-shaped rock glacier of the upper Alvear Valley.

The borehole is 2 ¢cm in diameter, and it was made in the
centre of a nonsorted circle located at 1057 m. a.s.1. (Fig. 2),
using a battery-powered drill. Drilling was mainly conducted
through a thick layer of frost-weathered rock rubble, up

A LI et L2590 't
Figure 2. Oblique aerial view of nonsorted circles and polygons
developed on the summit surface. Arrow indicates shallow borehole
site.

Figure 3. View of the tongue-shaped rock glacier of the upper
Alvear Valley. Arrows indicate the front slope of the complex rock
glacier.

to a depth of 130 cm. Further deepening of the drill hole
was impeded by the presence of solid bedrock. Thermistor
probes were fixed with adhesive tape to a wooden rod 1.5
cm in diameter. The rod was then inserted into the drill hole,
and the probes were installed at depths of 1, 5, 10, 20, 35,
70, 100, and 130 cm. Only the records corresponding to
the probes located at depths of 1, 70, and 130 cm will be
discussed in this paper. Temperature probes have a resolution
of 0.03°C and an accuracy of £0.25°C. Data were read and
stored hourly using “U12” multi-channel data loggers (from
Onset Computer Corp.).

The time span covered by the temperature records extended
from mid-February 2006 to the end of January 2007.

Results

Figure 4 shows the temperature curves obtained from
the shallow borehole of the summit. Ground temperature
evolution at the surface (1 cm depth) is mainly characterized
by the occurrence of short-term fluctuations throughout
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Figure 4. Temperature curves displaying daily mean values,
obtained at depths of 1, 70, and 130 cm in the shallow borehole of
the summit.

the year, including winter. The mean temperature of the
recording period was -0.3°C. Minimum temperature occurred
in early winter (end of June) and was -7°C. Temperature
at the end of the winter (mid-September) was slightly
below -3°C. Seasonal freezing extended from early April
to early November and was interrupted on three occasions
by daily above zero fluctuations. The end of the seasonal
freezing (period from mid-October to early November)
was characterized by an increase in temperature, attaining
a nearly constant value close to 0°C, probably due to snow
melting and heat transfer by percolating melt water. Daily
frost mainly takes place during late spring and summer.

The evolution of ground temperature at a depth of 70 cm
during the seasonal freezing period, shows a general trend
similar to that at 1 cm depth. Surface daily fluctuations
have been filtered at this depth, and the mean temperature
was -0.28°C. Similar to the upper thermistor, the minimum
temperature occurred in early winter (end of June) and in
this case was -2.3°C. Seasonal freezing was not interrupted
and extended from mid-May to early November. Two zero
curtains occurred immediately before (from mid-April
to mid-May) and after (from the end of October to mid-
December) the seasonal freezing period.

Ground temperature at a depth of 130 cm continuously
remained below 0°C, except from a short period of 20 days
with positive values (from early to mid-March), in which
a maximum temperature of 0.05°C was attained. The mean
temperature was -0.28°C, and the minimum temperature
occurred in early spring (end of September) and was
-1.39°C. Short-term temperature fluctuations have been
completely filtered at this depth, and only the annual cooling
and warming cycle is observed.

Discussion

Evidence of the occurrence of perennial frozen ground
in the summit area is provided by the temperature records
obtained in the shallow borehole. Ground temperature at a
depth of 1.3 m remained subzero almost year-round (mean
temperature was -0.28°C), except for a short period in late
summer (from early to mid-March), when it experienced
slightly above 0°C values.

Winter short-term fluctuations observed in the surficial
level of the borehole suggest the presence of a thin snow
cover. The summit is swept by persistent and strong winds,
limiting snow cover build-up. Direct exposure to the cold
atmosphere throughout winter takes place, allowing deep
frost penetration into the ground. Bearing this evidence in
mind, permafrost is estimated to occur at depths below ca.
1.5 -2 m in the summit area.

The occurrence of permafrost in the upper Alvear Valley
can only be inferred from the geomorphological evidence of
activity observed in rock glaciers.

It is difficult to establish the lower altitudinal limit of the
permafrost belt with the currently available data. However,
if we consider the active rock glaciers of the upper Alvear
Valley as permafrost indicators, then we can propose the
approximate lower limit of discontinuous permafrost. This
limit is roughly indicated by the elevation reached by rock
glacier fronts (Barsch 1996). In our case, the lower limit of
discontinuous permafrost would be at ca. 800-775 m a.s.l.
Patches of sporadic permafrost could exist at lower elevation
in particularly suitable topoclimatic locations.

The suggested limit is lower than that proposed by Corte
(1997), who estimated the lower limit of permafrost in the
mountains of Tierra del Fuego to be at 900 m a.s.I.

Conclusions

Preliminary observations suggest the occurrence of
permafrost at 1057 m. a.s.l. in the unnamed summit located
to the E of Mount Alvear and the Eastern Alvear Glacier,
at depths below ca. 1.5-2 m. However, a longer time series
from the summit borehole is needed to obtain definitive
results.

The lower limit of the discontinuous permafrost in the
studied area is tentatively placed at ca. 800775 m a.s.l.,
according to the elevation reached by the front of active rock
glaciers.

Further research is needed in order to gain a better
understanding about mountain permafrost distribution and
characteristics in the Sierras de Alvear. Proposed future work
comprises geoelectric surveys and the drilling and equipment
of new shallow boreholes (particularly in the rock glaciers of
the the upper Alvear Valley).
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Appearance of Heinrich Events on Pollen Plots of Late Pleistocene Ice Wedges
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Abstract

The palynological characteristics of large ice wedges and surrounding syngenetic yedoma sediments at three locations
in the Lower Kolyma River Valley in northeast Yakutia are presented. AMS *C dating of micro-organic and pollen
concentrates from the ice wedges reveal sharp oscillations of pollen and spore spectra, and permit correlation of these
rhythms with Heinrich events. The variability of global, regional, and local pollen components in yedoma sediments

linked with periodical rhythms is discussed.

Keywords: ice wedge; Heinrich events; pollen; Yakutia.

Introduction

Coolings of the North Atlantic Ocean associated with
Heinrich events appeared throughout the various natural
systems at global and regional scales. For example, traces
of Heinrich events are recorded in sediments of Lake Baikal
as variations in diatoms and Fe(II)/Fe(Ill) ratios (Grygar et
al. 2006), and maximum terminal position of glaciers in the
Swiss and Austrian Alps (Ivy-Ochs et al. 2006). Regional
response of Siberian landscapes linked to the North Atlan-
tic’s thermohaline circulation is indicated by oxygen-isotope
analysis of syngenetic ice wedges and by pollen data from
well-dated cross-sections of ice-wedge complexes. Simula-
tion of Late Pleistocene circulation (Sarnthein et al. 2002,
Lowe et al. 2006) shows that there was positive feedback
for the northern Eurasian region. We suppose that Heinrich
Events were characterized as times of low summer tempera-
tures. Hence pollen spectra could be potential archives of
Heinrich Events. Pollen is well preserved in ice-wedge ice
because of low temperatures, the stable conditions of this
closed system and the low microbial activity. '“C dating of
fossil pollen grains contained in ground ice could therefore
provide new information about past environments. The pol-
len concentration in ice wedges is very similar to those of
Arctic ice caps: approximately 10 to 1000 grains/l. As with
Arctic ice caps (Bourgeois 2000), the pollen assemblages
from ice wedges in arctic and subarctic tundra comprise a
high percentage of far-travelled pollen, primarily tree pollen.
The regional tundra pollen input is essential also, and the lo-
cal pollen contribution is very small. The penecontempora-
neous pollen grains and spores are also found in ice wedges
(Vasil’chuk et al. 2003, 2005a, b, Vasil’chuk 2005, 2007).

To interpret the pollen variations in ice wedges and their
host sediments we apply Yu.Vasil’chuk’s (1992) multistage
model of large syngenetic ice-wedge ice formation. The ice
wedges develop as large pulses of subaquaeous deposition
alternate with subaerial conditions of ice-wedge growth.
The main water source for ice wedges is snowmelt water
during the subaerial stage and mixtures of snowmelt, river
or lake water during the subaqueous stage. Water enters frost
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Figure 1. Location of ice-wedge sections in the Lower Kolyma
River area of northeast Yakutia: Duvanny Yar, Plakhinskii Yar, and
Zelyony Mys.

cracks in spring, when snow melting and flooding take place.
During the subaqueous stage “reworked” pollen and spores
may enter into ice wedges.

Regional Setting

The locations of the study sites in the Lower Kolyma
River area of northeast Yakutia are shown in Figure 1.
Vertical cross-sections through ice-wedge complexes were
examined at Duvanny Yar, (69°N, 158°E); at Plakhinskii
Yar, on the left bank of the Stadukhinskaya stream (68°40°N,
160°17’E); and At Zelyony Mys (70°N, 160°E), in northern
taiga near the boundary with forest tundra. The mean winter
air temperature is -22°C. This sequence with a depth of
22-24 m is especially valuable for palacogeographical
reconstruction because of the abundance of multistage ice
wedges. The dominance of herb immature pollen indicates a
very short vegetation period.

Results and Discussion

The Plakhinskii Yar exposurereveals syngenetic permafrost
sediments with thick ice wedges. Here we present the results
of a palynological study of ice wedges (16 samples) and the
surrounding sediments (30 samples).

1803
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The pollen plot from sediments is dated by '“C from 26
to 11 kyr BP, and the ice wedges are dated from 17 to 11 kyr
(Fig. 2).

The sediments are characterized by a dominance of
immature herb pollen (55.8-97.0%). Two intervals of very
short vegetation periods are identified on the pollen plot:
24-21 kyr BP (9-12 m) and 17-11 kyr BP (3—6 m).

Larix pollen is found at a depth of 6.3 m in the sediments
and also in the ice wedge at a depth of 8.2-8.8 m. The
difference may be the depth of frost cracking at that time.

Every maximum of immature pollen comes before a local
maximum of Artemisia and Pinus pumila. The pollen spectra
of ice wedges show regional vegetation changes from 14 to
17 kyr; i.e., during the first Heinrich event. The Artemisia
maximum (36.6%) coincides with a local maximum of
immature pollen (42.2%) and a minimal amount of Betula
nana pollen.

In the upper part of the plot the Artemisia content decreases
and Poaceae increases together with Selaginella sibirica and
Pinus pumila.

There are three development stages of vegetation cover.
The first stage is single Larix trees, Betula sect. Nanae and
Poaceae-Artemisia grass tundra. The second stage is the
maximum development of herbaceous nival meadows (a
very short vegetation period) with Artemisia. The third stage
is grassland tundra.

Because the '“C dates approximately correlate with H1,
we suggest that pollen phase changes indicate this global
climatic change. The structure of H2, according to '*C-dates
(21-23 kyr BP), can be followed only in the pollen plot of
the sediments. The indicator of most extreme conditions
is the maximum immature pollen, comes before the local
Artemisia maximum (Vasil’chuk 2005, 2007).

The Zelyony Mys 36 m exposure of ice wedges occurs in
loamy syngenetic sediments. There is no organic material in
the upper 10 m. The lower 26 m consist of three layers of
high and low peat content. Large ice wedges have shoulders
at levels of peaty layers. The tops of small ice wedges are
located at the level of the shoulders. The cryogenic structure
is caused by subaqueous conditions of sedimentation and
subaerial freezing of the sediment, together with peaty layers
and ice-wedge growth (Vasil’chuk 1992).

According to the "“C-dates, the duration of the subaerial
stage is about 2-3 kyr, and that of the subaqueous one is
about 1-1.5 kyr. From 37 to 27 kyr BP there were three
subaerial periods. Gophers’ holes mark subaerial horizons,
when ice wedges grew in width. Seeds from the holes are
dated at 30.5 and 32.8 kyr.

Figure 3 shows the results of a palynological study of
ice wedges (11 samples) and the surrounding sediments (45
samples). The pollen plot of the sediments is dated by '*C from
36-38to 22-23 kyr BP, and the ice wedges date from 27 to 13
kyr. Every maximum of immature pollen corresponds with a
local maximum of Selaginella sibirica and a local minimum
of Pinus pumila. Most Varia is represented by Brassicaceae
and Rosaceae. The seeds and pollen of Potentilla nivea L.,
Draba cinerea Adam., Ranunculus repens L., are found in

gophers’ holes at a depth of 5—15 m (Vasil’chuk 2005).

Simultaneous changes in both local and regional
components indicate regional or global changes of seasonal
vegetation conditions. Maxima of Pinus sibirica are located
immediately under peaty layers. Peaty layers contain high
concentrations (up to 26%) of shrub pollen, mainly Betula
sect. Nanae. But shrub remains have not been found.

There are three rhythms in the pollen plot of sediments,
expressed by variations of local and regional components. At
the base of the lower rhythm, the maximum percentages of
Selaginella sibirica (about 40%) are replaced with maximum
percentages of Artemisia (14.2%), Poaceae (16.4%) and
Betula sect. Nanae (18.1%).

The most unfavorable conditions (very short vegetation
season) are recorded by maximum percentages of unmatured
pollen in the peaty layer at a depth of 24-22 m. The peat
contains “reworked” organic material, as indicated by
inverted '*C dates. There is no penecontemporaneous pollen,
but the content of coal particles is about 250%. Then the
percentages of unmatured herb pollen decreases from 87
to 19%. Simultaneously there are increases in the content
of Pinus sylvestris (21%) and Betula sect. Nanae. (19%)
together with twin peaks of Selaginella sibirica (37-41%).

We suggest that sediments at a depth of 22 m accumulated
at the erosion level caused by H3, about 29-27 kyr BP.

The next rhythm has another structure. The peak of Betula
sect. Nanae (22.5%) is replaced with a maximum of Pinus
sylvestris (19.8%), Selaginella sibirica (29.2%) and a very
low content of Poaceae. This “suggests an” increase of the
accumulation rate of sediments at the thermal minimum and
subsequent improvement of vegetation season conditions.

Due to difference of the scales between the plots of
sediment and ice wedges, we can look after regional changes
of pollen rain of this rhythm at the pollen plot of the ice
wedge. The maximum Poaceae and Selaginella sibirica
is replaced by a Pinus sylvestris peak conterminous with
maximum percentages of Varia at a depth of 20-18 m.
According AMS-'C dates of ice and the similar variations of
regional components, we suggest that this rhythm coincides
with H2 (about 23 kyr BP).

In the upper part of the pollen plot, Pinus sylvestris pollen
disappears. The same variation of pollen is observed as at
Plakhinskii Yar, and is correlated with H2. The Artemisia
maximum is replaced by a peak of immature Varia pollen.
The content decreases and Poaceae increases together with
Selaginella sibirica and Pinus pumila. The final stage of H2
is absent in the ice-wedge record.

In the Duvanny Yar exposure large syngenetic ice wedges
occurred in a 55 m thick section of loam (Fig. 4). The wedges
are up to 3-3.5 m wide in the bottom of the cross-section,
and up to 1.0-1.5 m wide in the upper part.

On the basis of more than 50 "“C conventional dates of
the host sediments we conclude that ice-wedge formation
occurred from 37 to 17 kyr BP (Fig. 4). The age of the
beginning of sediment accumulation is confirmed by a '*C
date of 31,200 yr BP from ice-wedge ice at a height about 6
m above sea level (Fig. 3), as well as by AMS "C dating of
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Figure 2. Pollen and spores plot of Plakhinskii Yar ice-wedge cross-section (after Vasil’chuk 2007 with corrections): 1 — sediments: a — sandy
loam, b — peat remains in edoma sediments, 2 — large syngenetic ice wedges 3 — sampling point in surrounding sediments for radiocarbon
dating; 3 — 4 sampling point of for AMS radiocarbon dating; 3 —of micro organic from ice-wedge ice 4 — of pollen concentrate from ice-wedge
ice, 5 — 6 — sampling point for palynological analysis: 5 — from surrounding sediments, 6 — from ice-wedge ice; 7 - a cold phase of Heinrich
events on pollen curve. Latin letters near to pollen curves indicate first letter of the name of the appropriate plant. NUTA — radiocarbon dates
of Fukuda et al. (1997).
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Figure 3. Pollen and spores plot of the Zelyony Mys ice-wedge cross-section: 1 — large syngenetic ice wedge 2 — small buried ice wedge 3 —
peat remains; 4 — sandy loam; 5 — sampling point for “C dating: a — rootlets, b —seeds, ¢ — bones; d — micro organic remains < 200um; 6 — cold
phase of Heinrich events on pollen curve. Latin letters near the pollen curve indicate first letter of the name of the appropriate plant.
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separate fractions of plant organic material separated using a
microscope from samples of mixed plant detritus.

Here we present the results of a palynological study of
sediments (93 samples) and their contained ice wedges (23
samples). The pollen plot of sediments dated by "*C is from
31 to 14 kyr BP. The ice wedges have been dated from 25 to
14 kyr BP (Vasil’chuk 2007, Vasil’chuk & Vasil’chuk 1998,
Vasil’chuk et al. 2004).

A main feature of the Duvanny Yar pollen plot is the stable
ratio between local components. This suggests that sediment
accumulation took place during stable local conditions. Vari-
ous herbs and Selaginella sibirica represent local vegetation.
Minimal salt concentrations correspond to high percentages
of Varia and Poaceae, whereas maximum salt concentration
corresponds with a peak of Selaginella sibirica.

Larix pollen is found in ice wedges, indicating that larch

occurred as isolated trees in that vegetation community.
The three small peaks of Artemisia percentages (4.5-5.1%)
indicate short-term dry periods. It is possible to assume that
the sediment at the depth of 15-19 m accumulated at 27-29
kyr BP and corresponds to H3. It is also possible to correlate
an increase of Poaceae with a warm phase, and a subsequent
maximum of Artemisia with H2 (21-23 kyr BP). In the
upper part of the plot is observed a typical distribution of the
components for H1 (16.5-14 kyr BP).

Pollen spectra of ice wedges demonstrate regional
peculiarities of two rhythms of vegetation cover changes.
The lower one, at a depth of 11.6-21 m, is similar to the
lower rhythm of the ice-wedge plot of Zelyony Mys. The
maximum spores percentages correspond with the Poaceae
peak, which is replaced by Artemisia and then by Varia peak.
We equate this rhythm with H2 (21-23 kyr BP).
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