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PHYLOSOPНICAL ISSUES OF CRYOLOGY 

CRYOSOPHY: AN OUTLOOK OF ТНЕ COLD WORLD 

V.P. Melnikov, V.B. Gennadinik 

Institute of Earth's Cryosphere, 
Siberian Branch of the Russian Academy of Sciences, РО Ьох 1230, Туитеп, 625000, Russia; melnikov@ikz.ru 

The outlook of the cryosphere in the present scientific community has been changing rapidly. Rather than 
being а danger, the sphere of ice and cold is taken as an active element of the universe, а wealth, and а source of 
wellbeing and new potentialities for the rnankind. This is the reason for increasing recent interest to the cold 
world among different scientists and, on the other hand, for broadening the scope of the classical permafrost 
science. It is time to create а new school of thought, that of cryosophy. Cryosophy should focus on the role of 
cold matter in the ever changing world and on the basic properties of the cryosphere. The presented snapshot 
of highlights of the cryosphere from the early Universe to the life origin, which remain little discussed in the 
permafrost community, illustrates the urgent need in new ontological approaches. 

The turп of the ceпtury has Ьееп marked iп per
mafrost scieпce Ьу dramatic chaпges iп the views of 
its very object. At the dawп of cryology, permafrost 
\\·as treated as il1 iп terms of practice ( see, for iп -
stance, Р.1. Koloskov's preface to the book of Sumgin 
[ 1927]). That loпg remaiпed the leadiпg attitude 
\\·hile contiпuous struggle agaiпst cryogeпic hazard 
oarrowed the scope of studies апd promoted the 
search for techпological solutioпs rather thaп scieп
tific research. It is поt uпtil the receпt decade that 
the cryosphere has Ьееп uпderstood to Ье а uпiversal 
рhепоmепоп, а matter-eпergy elemeпt of the Uпi
verse, а wealth, апd а source of life, humaп wellbeiпg, 
апd civilizatioп progress. This chaпge of values 
brought about пеw methodological approaches апd, 
furthermore, different views of the research subject 
and goals. 

The subject of cryology is chaпging as the scope 
of research has Ьееп expanding with diverse issues 
from the life origiп to agriculture enhaпcement, from 
extraterrestrial missioпs to records of historic eveпts. 
Proper understaпding amoпg scieпtists who work iп 
these differeпt fields requires updating the system of 
concepts Ьу eпlargiпg their meaniпg апd modifyiпg 
concepts, еvеп the old опеs which have withstood the 
test of time. 

It is urgent at the momeпt to depart from the 
conventional boundaries betweeп disciplines апd to 
develop а пеw panoramic outlook of the object ( cryo
sphere) апd methods of research, taking into accouпt 
the curreпt advances iп other sciences, in order to fi
nally create а basis for cryosophy as а пеw ontological 
liпe iп philosophy [Melnikov, 2010]. 

Cryosophy aims at uпderstaпdiпg the role of 
cold matter iп the evolving matter-eпergy interplay, 

as well as iп the origiп апd maiпtenaпce of life. The 
пеw scieпce should focus оп the most general proper
ties of the cryosphere and its basic liпks with other 
componeпts of the Uпiverse. The research should 
stem from both classical (applicaЫe to simple physi
cal апd chemical systems) and syпergetic (for com
plex systems, iпcluding Ьiological опеs) approaches 
using both the methods that yield knowledge of 
things and the iпformation logistic methods which 
provide kпowledge of kпowledge [ Melnikov et а/., 
2005]. 

Ice апd its phase change - the focus of cryolo
gy - has Ьееп the subject of diverse scieпces апd re
search fields. The chart of Fig. 1 shows differeпt as
pects of ice and the roles it plays iп the world. 

Boxes оп the two sides of the "space" axis repre
seпt the hierarchy of objects апd media iп which ice is 
the major coпtrol. This patterп correspoпds to the 
classical approaches viewing ice as something people 
meet iп the everyday life, the cryosphere beiпg the 
best iпstrumentally explored sphere of the Earth. 
However, it is time to revise the views of ice as а su
perplaпetary object. 

The history of the Universe, siпce the Ьig Ьапg 
wheп matter just spraпg out of elemeпtary particles 
(protons, пeutroпs, апd electrons), has Ьееп liпked 
with hydrogeп which, along with helium, was the 
first to form оп cooliпg. The Cryosphere is super-sys
tematic, as follows from the fact that ice had existed 
prior to the origiп of the Solar System with its plan
ets and ever before water апd life appeared оп the 
Earth. Moreover, it will remaiп iп the Uпiverse еvеп 
after the Suп expaпds апd heats up, апd after our 
Earth traпsforms iпto somethiпg like а lifeless hot 
plaпet. 

Copyright © 2011 V.P. Melnikov, V.B. Gennadinik, All rights reserved. 
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CRYOSOPHY: AN OUТLOOK OF ТНЕ COLD WORLD 

The diversity of conditions on the planets and 
other large objects in the Solar System ( distances 
from the Sun, orЬits, year and day durations, presence 
or absence of atmosphere, etc.) prompts that the ter
restrial cryosphere is not unique but is, instead, а 
common phenomenon being special though in its Ьio
protective aЬility. 

The recent advances in space exploration furnish 
impressive evidence of cryogenic processes on the pri
mary planets and their satellites. People are waiting 
for ever more wonderful things to learn against which 
the Earth's permafгost would not look so fascinating, 
but it will certainly remain of vital importance to hu
mans and to all living beings on our home planet. 

Let us turn back to our chart (Fig. 1). The "en
ergy" axis illustrates the phase states of ice and its 
functions. Compared to single-state water, ice has far 
greater phase diversity, with its seventeen states out 
of which eleven are explicit. This diversity shows up 
in various physicochemical and Ьiological processes, 
including such а common thing as precipitation: rain
fall of one type, snowfall of eight types, and two mixed 
types of ice-water precipitation. 

Ice is sometimes interpreted as а mere by-prod
uct of water transformations. What people commonly 
speak of are three aggregate states of water but not of 
ice. This is а purely subjective human attitude, as in
tuitively (and Ьiologically) water seems closer to 
people than ice. This attitude is standard but not nor
mal, and this is not fortuitous: the standard condi
tions people stand the best are those of 1 bar (1 kPa) 
pressure and 25 ·с temperature while the normal 
natural conditions аге, respectively, 1.01 bar and 
о·с. 

There are different properties brought together 
in ice which is at the same time elastic and plastic, 
crystalline and amorphous, semiconducting and di
electric, light and hard (lighter than water but harder 
than steel). Ice follows а certain trend toward an ide
al structure: its order increases while entropy de
creases with time at а constant low temperature 
[Маепо, 1988]. 

Ice crystals аге built uniquely of hydrogen bonds, 
i.e., ice can Ье а standard to estimate hydrogen bonds. 
At the same time, hydrogen bonds аге indispensaЫe 
in proteins, nucleic acids, ог Ьiopolymers. They have 
Ьееn crucial to the very life origin as all Ьiochemical 
processes in living beings аге associated with break
ing and resuming hydrogen bonds. 

The complexity of the ice structure and its off
equilibrium phase change аге sufficient for self-orga
nizing synergetic behavior and formation of staЬle 
macroscopic objects. One such object, а drop cluster, 
is shown in the energy scale (Fig. 1) between water 
and vapor. Drop clusters are staЫe dissipative struc
tures in the form of ordered tiny condensate balls of 
the same size which appear in the gradient zone over 

а locally heated liquid phase [Fedorets, 2004]. Phe
nomena of this kind may Ье а missing link between 
the organic and inorganic matter. 

The "time" axis (Fig. 1) presents cryogenic sys
tems in terms of information, resources, and cyber
netics. The cryosphere changes the characteristic 
times and rates of processes and stores records of the 
other terrestrial spheres, which has an intimate rela
tion with synergetic processes and with the life origin 
and evolution. 

А topical objective of cryology is contributing to 
the knowledge of geological history through studying 
the effect of glaciations on the evolution of the Ьiotic 
and aЬiotic components in the crust. Till the present, 
permafrost scientists have dealt mainly with the Qua
ternary but the most interesting things apparently 
occurred 2-2.5 Ьillion years earlier. lt is since 2.5 Ga 
that the Earth has experienced repeated glacial cycles 
of different durations and intensities. А correlation 
has been discovered between the beginning and end 
of glacial cycles and the composition of atmosphere, 
especially СО2 and sulfur [Dobretsov, 2004]. Howev
er, the history before 2.5 Ga likewise calls for new ap
proaches and hypotheses. The scientific community 
has been split into partisans and opponents of the 
"hot" and "cold" models of the early Earth. The 
"snowball" scenario when the planet was fully cov
ered with ice [Kirschvink et al., 1997] may have re
peated many times, and the task of cryology is to dis
cover traces of those periods. 

It is necessary to determine the functions and 
physicochemical and other manifestations of ice in 
the early geological history to gain insights into how 
traces of events happening in cold times may in prin
ciple look. This may Ье "cryo-traceology", а special 
new field to concern with interaction of ice with Ьio
genic and aЬiogenic components of the medium. 

The cryosphere is subject to various natural cy
cles, this cyclicity being obviously more diverse than 
it is commonly thought. In cold seasons (autumn, 
winter, and spring in the Northern Hemisphere ), cir
cadian (diurnal) cycles become essential in cryogenic 
systems. The ice-water phase change that stabllizes 
the temperature regime for the living world occurs 
during а day. The yearly cyclicity is more prominent: 
snow and ice can keep staЫe for а long time creating 
cryogenic conditions. Note that the diurnal cycles 
naturally disappear in polar regions (the polar day 
and night are six months long), and living beings like
wise adapt to these patterns ( e.g., reindeer lack Ьiolo
gical clock). Other longer-period cycles are associated 
with the solar activity ( 11- and 270-year cycles ). 

А more complex cyclicity shows up in glaciers. 
Evaporated ice molecules crystallize in clouds at the 
atmospheric temperature filter and precipitate as 
snowfall. If snow fails to melt during the warm sea
son, the accumulated viscoplastic mixture of ice and 
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granular snow makes up а glacier. The glacier gradu
ally slides down Ьу gravity into the zone of aЫation 
where it degrades mechanically, melts, and evapo
rates. Thus, each glacier has its own characteristic life 
time controlled Ьу climate (temperature and mois
ture) and geography (terrain and rock structure). 
The glacier cycles may have different periodicities, 
from several years in highlands and subpolar regions 
to tens of thousand years in Greenland or Antarctic. 
lt is interesting to investigate the interaction of dif
ferent cycles in systems of this kind. 

The cyclic processes in the cryosphere likewise 
demonstrate the parentage of the cold and the life: 
both undergo entropy cycles at intense heat and mass 
exchange. The Ьirth of а living being, as well as the 
formation of ice out of water and vapor, reduces en
tropy and produces self-organized complex systems. 

lt is evidently the atmosphere, with its thermal 
shield aggregating water molecules into ice particles, 
that holds back water on the Earth. This is а factor 
crucial to the origin of life. Any change in the Earth's 
cryosphere anyhow influences the evolution of the 
life-sustaining environment. Atmospheric ozone had 
formed about 400 Ма ago and let the life move from 
the ocean to the land [Dobretsov, 2004]. Judging Ьу 
the vertical pattern of air-borne ozone similar to the 
air stratification, it is the weakness of hydrogen bonds 
that allows creatures to leave water for existing freely 
on the land ( or, in the same way, to leave land for the 
troposphere ). 

Hydrogen has been critical to the energy budget 
of oldest Ьiological systems [ Fedonkin, 2000] being 
the primary source of electrons and protons, the basic 
substrate of microЬial life, and the energy base of me
tabolism [ Wackett et al., 1994]. It controls the strength 
and plasticity of macromolecules; molecular hydro
gen (Н2) maintains trophic ( energy) relations be
tween microorganisms that live on different sub
strates; this is actually the primary builder of an eco
system prototype. In the world of prokaryotes, 
hydrogen, as an energy-related element, guided com
petition among many groups. Furthermore, the re
ducing aЬility of molecular hydrogen and its capaЬil
ity of forming proton gradients as а way to save en
ergy, as well as many other properties, evidence that 
hydrogen has been the most important element and а 
key agent in the life origin. 

The science of cryology focuses on transforma
tions and interactions of the primary elements of hy
drogen and oxygen. Cryosophy may occupy its niche 
in the cryosphere research through working out life 
evolution theories viewing the evolution beyond the 
limits of а specific planet. Ice, the precursor of water, 
dates back to the very beginning of the Universe 
when there appeared hydrogen and then oxygen 
whose aggregation and hydrogen Ьonding laid the Ьa
sis of the animate and inanimate nature. 
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The origin of terrestrial life was possiЬly preced
ed Ьу а preЬiological evolution stage [ Galimov, 2001]. 
According to а hypothesis Ьу Diakonov [ 1994], the 
self-similarity of Ьiospheric and civilization crises 
( acceleration of historic time) recognized in the four 
Ьillion-years history of the Earth indicates that the 
beginning of the preЬiological evolution coincided 
with the formation of the galactic disc about 10 Ga 
ago. That was exactly the time when ice appeared as а 
special phase offering an example of molecular inter
action to all living beings. 

The fact that the mean annual air temperature 
on the Earth long remained about the ice-water tran
sition point appears quite natural. Ice, like water, pos
sesses exceptional thermostatic properties which, 
along with its wide spread over the ground surface, 
allows the cryosphere to staЬilize the temperature 
regime. Note that the heat capacity of water 
(4.183 kJ/kg·K) is five times the mean heat capacity 
of soil, and its bulk heat capacity is 3300 times that 
of air. The high heat capacities of water and ice 
(2.06 kJ/kg·K) make them the Earth's principle stor
age of the solar energy. The very phase change point 
has additional (likewise abnormal) thermal staЬility: 
specific heat of ice melting is five times as high as in 
gold (332 against 66.2 kJ/kg) and is higher than, say, 
in mercury Ьу а factor of 28 (12 kJ/kg). 

The temperature staЬility defines the conditions 
favoraЬle for the living nature while ice acts as а Ьio
protector that staЬilizes the parameters of the envi
ronment. 

The cryology-Ьiology union began since the ear
liest years of the permafrost science in the USSR.Just 
remember the exciting finds of mammoths or reviving 
insects recovered from frozen ground in the first half 
of the 20th century. 

The today's works in cryoЬiology are as fascinat
ing to read as science fiction, with all those caterpil
lars and butterflies that return to life after staying 
long frozen to -269 °С, or invertebrates (rotifers and 
nematodes) that withstood freezing to -271 °С in the 
dry state. After all that, life in natural permafrost 
would appear а "resort" for microorganisms. 

As the Vostok ice cores from Antarctica showed, 
nature has been much more prudent than man in 
maintaining the temperature regime for hundreds of 
thousand years having provided smooth cooling and 
warming, exactly what is needed to let organisms 
adapt to ne\\· conditions. The knowledge gained from 
paleoЬiota is just а good beginning, and the main dis
coveries are to соте. 

One practical objective of cryology is to get the 
same life support from permafrost as the extremophil
ic microЬes do. In this respect ice can Ье considered а 
haЬitat or, more precisely, а staЫe nonequilibrium co
evolving system in which microorganisms are intrin
sic components of ice or frozen rocks. 



CRYOSOPHY: AN ОИТLООК OF ТНЕ COLD WORLD 

Another challenge for joint efforts of Ьiology and 
cryology is understanding the function of ice in the 
punctuated equilibrium of Eldredge and Gould in the 
context of sustaining life. Ice has too many advan
tages over other media being а shield against killing 
radiation, а thermostat with the minimum tempera
ture gradients, protection against chemical or Ьio
logical mutagenic agents, and, finally, а constantly 
renewing medium. 

А recent example of the kinship between the cold 
and the living comes from а discovery that bacteria 
(specifically, Pseudomonas syringae) тау Ье respon
siЬle for most of rain and snow being ice nucleators 
(Christneret al., 2008]. Bacteria were found out to Ье 
аЬlе of traveling long distances together with clouds 
and cause snowfall all over the world at quite high 
temperature. There is nothing surprising about it, as 
the relatively light bacteria can act as crystallization 
ouclei and seeds for the new phase at the heights 
Ytiiere rain and snow originate and where the heavier 
oЬjects can never rise. 

Vernadsky [2001] wrote that the living matter 
had а strong control over the formation and regula
tion of geochemistry and physics of the Ьiosphere, 
atmosphere, and the hydrosphere. The cryosphere, in 
turn, may Ъе а link between the Earth and the life: 
first it cherished the life and then offered an example 
of maintaining suitaЫe life conditions. 

There are diverse processes in which ice or water 
near the phase change point are crucial. They show 
up in obvious or paradoxical ways. The various facts 
make up а mosaic, а sort of а puzzle the clue being the 
kinship Ьetween ice and life and their abllity to form 
composite objects and staЫe systems with new emer
gent properties. 

Cryology has been assimilating ever more termi
nology uncommon to а classical applied science, such 
as diversity, stability, complexity, or emergent behav
ior; systems are brought together into meta-systems, 
and simple models give way to hierarchies of models. 
Тhereby it becomes а multidisciplinary and actual 
science, \\ith а focus at urgent practical needs. As the 
subject of study has been increasingly expanding, the 
methods availaЫe in cryology can no longer lead to 
the \\'aDted ends. 

Today, when knowledge is growing rapidly and 
various sciences are interfingering while the educa
tion principles and position of а scientist in the world 
are changing, cryosophy should become the cryology 
of the future, should broaden the scope of the latter, 

develop а high-performance methodology, and pro
vide guidelines for the prospects and expected results 
of research. 

Cryosophy should maintain the interest to cryo
genic processes and phenomena, to the "short circuit" 
between the life and the cold, in classical permafrost 
scientists, as well as in those engaged in Ьiophysics, 
Ьiology, meteorology, planetary research, all those 
who deal with proЫems new to the scientific com
munity. As soon as results from other sciences have 
received new interpretations in terms of cryology and 
have been projected onto the sphere of cold, cryolo
gists themselves will no longer rediscover, with en
thusiasm of neophytes, the things known for ages. 
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The author was the first to compile two geocryological Chronicles: simplified for the Late Cenozoic) (the 
last 3.5 Ма) апd more detailed for the Neopleistocene (Brunhes epoch) (the last 800 kur). These Chroпicles 
comprise the geocryological interpretatioп of Baikal climatic chroпicle, compiled Ьу а large team of scientists, 
and based оп the ideпtified relation of diatom valves апd Ьiogeпic silica perceпtage in bottom sediments of the 
Baikal lake оп the severity of natural settiпg. 

LATE CENOZOIC GEOCRYOLOGICAL CHRONICLE 
(3.1-0.0 Ма) 

The Late Cenozoic chronicle is а geocryological 
interpretation of the Baikal diatomic record 1 [ Kara
banov et al., 2000]. The Late Cenozoic chronicle 
(Fig. 1) clearly presents time spans within the late 
Pliocene-Holocene cryogenic period comprized Ьу 
three cold epochs separated Ьу longterm warm cli
matic epochs [Fotiev, 2005]. The beginning of the 
Pliocene-Holocene cryogenic period in Siberia coin
cided with the onset of а staЫe climate cooling in the 
Pacific [ Shackleton et al., 1990; Fotiev, 2005]. 

First Pliocene cryogenic epoch (3.10- 3.08 Ма) 
was the shortest (only 20 kyr) and the least cold. 
] udging Ьу the diatom percentage (less than 20 %)2 it 
was during that time that the climatic setting provi
ded perennial freezing and formation of permafrost3. 

The mean annual air temperature (Та) was 3-5 °С 
lower than that at present. High-temperature (О to 
- 3 °С), thin (0- 100 m), and discontinuous or spo
radic permafrost was formed in southern Siberia. At 
the same time, in northern Siberia, both climate and 
geocryologic setting were probaЬly severer and per
mafrost continuous4 . 

Between 3.08 and 2.82 Ма ВР, when the diatom 
percentage increased to 48-60 % (with а peak at 
2.9 Ма), the climate was relatively warm (Fig. 1). 
During the 250 kyr time span, permafrost degraded 
fully or partly in southern Siberia, while no thawing 
from the surface occurred in the colder northern areas 

of Siberia. The mean annual ground temperature (Tg) 
varied consideraЬly though within negative interval. 

Second Pliocene cryogenic epoch (2.82-
2.47 Ма) was marked Ьу the coldest climate and se
verest geothermal settingof the entire cryogenic pe
riod (Fig. 1) [Fotiev, 2009]. There are reasons to hy
pothesize that the climate became colder as the 
orogenesis in Eurasia (the Sayan, Altai, Himalaya, 
Pamir, and Tien Shan mountain systems) irnpeded 
the transport of warm and wet air from the Indian 
ocean. Many scientists аgгее that the Late Pliocene 
cooling correlates with the oldest glaciations in the 
mountains of Transbaikalia, Altai, and Sayan and 
with the earliest glacial clay deposition marked Ьу 
iceberg rafting signature in the Baikal lake sediments. 
Yet, no traces of these old glaciations have been dis
covered [ Karabanov et al., 2001; Kuz'min et al., 2001 а; 
Williams et al., 2001]. 

The second cryogenic epoch, in turn, consisted 
of nine chrons: five cryochrons and four thermo
chrons (Fig. 1 ). The climate of cryochrons was cold 
or very cold, according to diatom data (0-2 %), with 
а peak at 2.60-2.63 Ма, and was even colder than 
during the Sartan time. The mean annual air temper
ature was 10- 15 °С colder than it is now. Permafrost 
was low-temperature, thick, and continuous, even in 
southern Siberia, in northern Siberia, continuous per
rnafrost was as cold as -30 °С and thick (>300 m). 

1 The Baikal coпtinuous climate chronicle of the past 5 Myr has Ьееn obtaiпed in the course of exhaustive studies of the lake 
sediments Ьу а large team iпvolved iп the Baikal Drilling Project (BDP) [Bezrukova et а!., 1999; Karabanov et а!., 2000, 2001; 
Williams et а!., 2001; Kuz'min et а/., 2001а, Ь; Khurseuich et а!., 2001; Prokopenko et а!., 2001]. 

2 For more details of geocryological interpretation of the Baikal climate chronicle see [ Fotiev, 2005, 2009]. 
3 Permafrost is the rock strata with temperature Ьelow О °С, and comprises frozen, cryotic and dry frozeп deposits. 
4 The latitude zoning of climate parameters held а11 O\'er the cryogenic period. 

Copyright © 2011 S.M. Fotiev, А11 rights reserved. 
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LATE CENOZOIC GEOCRYOLOGICAL CHRONICLE OF RUSSIA (3.1-0.0 Ма) [Fotiev, 2009] 
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Fиg.1. Late Cenozoic geocryological chronicle of Russia (3.1-0.0 Ма). 

Diatom abundances averaged over five data points [Karabanov et а!" 2000]. 

Тhе thickness of pennafrost exceeded the thickness of 
fRsh\\'Зter zone in artesian basins and hydrogeologi
cal massifs (aquifers). Two layers of frozen and cry
otic rocks with cryopegs formed in artesian basins, 
and layers of frozen rocks and dry permafrost were 
formed in hydrogeological massifs [Fotiev, 1978]. This 
permafrost structure in the subsurface of the Siberian 
Platfonn has persisted tШ present. Relatively low 
diatom percentage (19-25 %) indicate quite а cold 
climate during thermochrons. The permafrost formed 
during cryochrons never degraded even in southern 
SiЬeria \\·here it persisted continuously over 350 kyr 
(Fag. 1). 

In the northern part of permafrost zone5 Tg 
though increased significantly during thermochrons 
yet remained negative, and t he permafrost never 
thawed from the surfa{;e. Permafrost degradation 
from below was negligiЬly small because of low heat 

flux and abundant cryopegs within the layer of cry
otic rocks. Permafrost in West Siberia apparently de
graded from below more rapidly as the heat flux was 
higher [Kurchikov, Stavitsky, 1987; Balobaev, 1991]. 

The interval of 2.47- 1.92 Ма (the end of Late 
Pliocene) in southern Siberia was an over 500 kyr 
spell of moderately warm to warm climate, as indi
cated Ьу а relatively high (25- 65 %) production of 
diatoms (Fig. 1). The permafrost that formed during 
the second Pliocene cryogenic epoch fully or almost 
fully degraded. However, the rather strong and long 
climate warming did not cause degradation of per
mafrost from above in the northern areas, though 
the negative Tg increased markedly. 

Third Pliocene- Holocene cryogenic epoch 
( 1.92- 0.0 Ма) started 1.92 Ма ago when the diatom 
percentage in the Baikal lake sediments decreased to 
10- 12 %, and is ongoing (Fig. 1) [Fotiev, 2005, 2009]. 

s Peп11afrost zone - area extent of the rock strata with temperature below О 0С. 
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In the beginning of this cryogenic epoch, there were 
two short and relatively warm cryochrons during 
which permafrost formed in southern Siberia. 

The interval between 1.75 and 1.40 Ма ВР (the 
first half of Eopleistocene, according to the Russian 
stratigraphic code) was an epoch of а very cold cli
mate as follows from the Baikal diatomic chronology 
(Fig. 1 )6. The epoch is subdivided into seven chrons: 
four cryochrons and three thermochrons (Fig. 1). 
During the cryochrons, Та was 10-15 °С lower than 
the present one. Low-temperature (up to -10 °С) 
thick continuous permafrost formed even in the 
southernmost regions of Siberia. During the extreme
ly cold cryochrons southern limit of permafrost area 
extended as far as Mongolia and China. Therefore, no 
zones of discontinuous or sporadic permafrost existed 
in the southern part of the Siberian Platform. In 
northern Siberia, Tg decreased to -30 °С or lower, and 
permafrost thickness likely exceeded 500-700 m. 
Permafrost degradation during the thermochrons was 
incomplete even in southernmost Siberia as the cli
mate remained relatively cold ( diatoms percentage as 
low as 12 to 25 %). Therefore, during the first half of 
Eopleistocene permafrost persisted continuously for 
at least 350 kyr even in southern Siberia. 

The second half of the Eopleistocene and in 
Neopleistocene was а period of rather variaЬle cli
mate in southern Siberiajudging Ьу dramatic and es
sential variations in diatom percentages between О to 
80 % (Fig. 1 ). The climatic and geocryological setting 
during cryochrons were almost as cold as those in the 
first half of Eopleistocene, while climate of thermo
chrons wes much warmer. During extremely warm 
thermochrons when the diatom production increased 
to 80 % (peak at 1.01 Ма ВР), Та was 3-4 °С warmer 
than now, and permafrost in southern areas degraded 
rapidly from both above and below (Fig. 1). In the 
northern Siberia with its severe climate Tg re
mained very low during both cryochrons and thermo
chrons varying within the negative interval and ag
grading from below. 

NEOPLEISTOCENE (BRUNHES ЕРОСН) 
GEOCRYOLOGICAL CHRONICLE (0.8-0.0 Ма) 

The geocryological chronicle is based on the in
terpretation of the Baikal Ьiogenic silica (Si02 Ъiо ) 

record (Fig. 2) [ Prokopenko et al., 2001; Fotiev, 200~, 
2009]. The Neopleistocene geocryological chronicle 
thirty nine well pronounced chrons are subdivided: 
20 cryochrons and 19 thermochrons (Fig. 2). The 
cryochrons (with negligiЬly low Si02 Ыоg) look like 

U-shaped troughs in the Si02 Ъiog chronicle, with 
flat or inclined floors, while the thermochrons (more 
than 80 % Si02 Ъiо ) appear as prominent sharp peaks 
[ Karabanov et al., ~001; Prokopenko et al., 2001]. This 
pattern is а clear evidence of а steadiness of severe 
climate in cryochrons and abrupt dramatic warming 
during thermochrons. 

Compiling the geocryological chronicle required 
the use of three chronologies. The 39 chrons distin
guished Ьу the author in the Neopleistocene of Sibe
ria (20 cryochrons and 19 thermochrons) correlate 
with 19 marine isotope stages (MIS) with 10 cold and 
9 warm stages of the oxygen isotope (8180) stratigra
phy (Fig. 2) [ Shackleton et al., 1990]. The time limits 
of some chrons perfectly match the MIS boundaries, 
but some isotope stages comprise several (up to six) 
distinct cryochrons and thermochrons7, which the 
8180 stratigraphy actually misses. The generally ac
cepted Standard Regional Stratigraphic Scale of the 
Quaternary of the West Siberian Plain [2000] in
cludes 14 horizons (epochs), i.e. less than the number 
of MIS. In order to cancel this disparity, some MIS of 
different ages were in some models brought together 
[Fotiev, 2009], which distorted the age bounds of 
some intervals. 

The model suggested Ьу the author [Fotiev, 2005, 
2009], is based on the correlation of the northern 
West Siberian glacials and interglacials with the 8180 
scale after [Karabanov et al., 2001]; the gaps in the 
latter chronology (MIS 9, 10, 12, 13, 19) are labeled 
with conventional names. Cryochrons and thermo
chrons are distinguished [ Fotiev, 2005, 2009] within 
the age limits of each MIS [Shackleton et al., 1990], 
and correlated with the respective intervals of the re
gional stratigraphy (Fig. 2). 

The time between 800 and 426 kyr ВР (Early 
Neopleistocene) in Siberia included 17 chrons (9 cryo
chrons and 8 thermochrons) corresponding to eight 
(four cold and four warm) marine isotope stages. The 
Middle Neopleistocene interval 426-127 kyr ВР 
comprise 18 chrons (9 cryochrons and 9 thermo
chrons) correlated with six (3 cold and 3 warm) stages 
of the marine 8180 stratigraphy. The Late Neopleisto
cene from 127 to 11 kyr ВР is divided into four chrons 
(2 cryochrons and 2 thermochrons) that correspond 
to four (two cold and two warm) MIS. The West Sibe
rian Karginian warm cycle (MIS-3) does not show up 
in the Baikal Ьiogenic silica record8 (Fig. 2), and that 
was the reason why MIS-4, MIS-3, and MIS-2 were 
joined into а single Zyryanka-Sartan cryochron. 

Low Si02 Ъiog contents in the Baikal lake sedi
ments indicate several coldest and longest cryochons 

6 Extrernely low diatorn percentages of 0-3 % (the lowest at 1.63 Ма) indicate а clirnate and geotherrnal setting colder than 
during the Sartan tirne. 

7 These clirnate oscillations are rnost often attributed to orЬital forcing [ Kuz'min et а/., 2001 Ь ]. 
8 According to sorne rnodels [Baulin et al., 1981], the zone of perrnafrost degradation frorn the surface extended in southern 

West SiЬeria as far as 65-66° N during the optimurn of the Кarginian \\"arrn stage. 
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in Neopleistocene, namely (Fig. 2), Asov (MIS-16) 
and pre-Tobol (MIS-12) in the early Neopleistocene, 
post-Tobol (MIS-10a), Samara (MIS-8c), and Taz 
(MIS-6) in the Middle Neopleistocene, and the Zyry
anka-Sartan (MIS-4, MIS-3, MIS-2) in the Late Neo
pleistocene. The climatic and geocryological setting 
during the extremely cold Neopleistocene cryochrons 
were as follows [Fotiev, 2009]: (1) Та throughout the 
permafrost area was 8-15 °С lower than that at pres
ent; (2) long-lasting, low-temperature (-3 to -25". 
-30 °С), thick (from 300 to 700-1500 m) and con
tinuous permafrost formed over the entire permafrost 
area; (3) zones of high-temperature (О to -3 °С), thin 
(О to 150 m) and discontinuous (including sporadic) 
permafrost were outside the region in West Siberia 
and were absent from East Siberia as the southern 
permafrost extent reached the territory of Mongolia 
and China; ( 4) the subaerial permafrost area was of 
the largest extent due to perennial frozen ground in 
the emerged shelf and southern margins of permafrost 
area. It extended from 47 to 78° N (over 3300 km) 
along the 70° Е meridian, and from 52 to 79.5° N or 
over 3000 km along 105° Е (excluding the southern 
mountains and the northern islands ). 

According to relatively high contents of Si02 Ьiog 
in the sediments of Lake Baikal, the warmest and lon
gest were (Fig. 2) the Talagaika (MIS-17) and post
Nizyam (MIS-13) thermochrons in the Early Neo
pleistocene, the Tobol (MIS-11) and Shirta (MIS-7) 
thermochrons in the Middle Neopleistocene, and the 
Kazan (MIS-5e) in the Late Neopleistocene (127-
114 kyr ВР). The extremely warm thermochrons of 
Neopleistocene were characterized Ьу the following 
climate and permafrost-related features [ Fotiev, 2009]: 
(1) Та was 2-4 °С higher than now and dramatically 
(10-15 °С) higher than during the previous cryo
chrons; (2) permafrost degraded completely in the 
southern and partly in the central part of permafrost 
area; (3) permafrost did not degrade from the surface 
in the northern permafrost area where the climate 
was still cold, though Tg increased consideraЬly re
maining however below zero; (4) permafrost degrad
ed partly from the surface only in submerged limnic 
environments; (5) the N-S extent of permafrost de
creased as а result of marine transgression and com
plete permafrost degradation in the southern regions. 

The Holocene comprises two chrons (Fig. 2) 
subdivided according to the specific features of cryo
genic metamorphism. та during the thermochron 
from 11.0 kyr ВР to the end of t he thermal optimum9 

rose 10-15 °С higher than in the minimum of the Sar
tan thermal minimum almost all over the permafrost 
area. Nevertheless, active permafrost degradation 
(full or partial), both from above and from below, was 
limited to the plains of southern Siberia. In the nor
thern part of permafrost area, Tg was rising essential
ly but remained negative, partial degradation of per-

mafrost was restricted to areas underneath numerous 
thermokarst lakes. During the cryochron from the 
end of the thermal maximum to present, Tg became 
3-5 °С lower than in the thermal optimum on all over 
the permafrost area; high-temperature, thin, and dis
continuous or sporadic permafrost formed in central 
and southern regions of Siberia. 

The boundary between the Northern and South
ern geocryological zones is quite prominent at pres
ent and coincides with the link up of permafrost lay
ers of Holocene and Pleistocene ages. The permafrost 
is low-temperature (-2 to -13 °С or lower), thick 
(300 to 1500 m), continuous, predominantly of Pleis
tocene age north of this boundary, sinking down 
southward of this boundary, replaced in the surface 
layer Ьу mainly high-temperature (О to -2 °С), thin 
(О to 150 m), discontinuous, permafrost of Holocene 
age. In the northern part of the Southern geocryo
logical zone, within the artesian basins the Holocene 
permafrost is separated from the deep-seated Pleisto
cene permafrost Ьу а layf;r of positive temperatures. 
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The response of permafrost to global Late Pleistocene-Holocene warming has been investigated in the ice 
complex ofYakutia. Thermokarst erosion of the complex was found out to depend on the properties oflandscape 
and its components that change as а consequence of warming. In addition to the degradation tendency, aggrada
tionaJ staЬilization in ice complex remnants may occur in certain conditions as formation of а protective layer. 

Any extemal effect оп permafrost, iпcluding cli-
is never direct, uпlike оп а glacier surface, but is 

ather mediated Ьу the overlying vegetation, soil, ас
~ layer, i.e., Ьу various landscape components. The 
RSU.lting positive and negative feedbacks control the 

rmafrost responses which differ in intensity and 
show unexpected trends. 
Chaoges in surface conditions attendant with 

anning or cooling тау change the evolution trend 
· permafrost and cause its aggradation or degrada

Тhey may act either together with or against the 
!Jmate trend and, correspondingly, amplify or damp 

dimate effect [Koreisha et al" 1997]. 
~ illustrative example in this respect may соте 
dynamics of the ice complex over the latest 
oceoe-Holocene interval. An ice complex (IC) 

01Dplex of syngenetically frozen sediments, tens 
meters thick, which are thermally uпstaЫe. Such 

0В1plexes were deposited in harsh Late Pleistocene 
iuoates Ьetween 50-40 and 12-11 kyr ВР. 

that time, the mean annual temperature of 
naafrost \\'as as low as -25".-28 ·с or locally 
·с in northern Yakutia and no warmer than 
·с in central Yakutia, while the air temperature 
oaturally still lower [Konischev, 1997]. The map 

ш Fig. 1 shows the extent of the Yakutian ice complex 
except shelf where it was destroyed Ьу the Holocene 
traosgression of the Arctic seas. 

The dramatic climate change at the Last Gla
cial-Holocene boundary caused permafrost warming 

Copyright С 201 t V.N. Konishchev, All rights reserved. 

and gave rise to thermokarst erosion of the ice com
plex, which has been the main evolution process in its 
terrain-forming deposi ts through the past 13-12 kyr. 

The basic landforms in the present North and 
Central Yakutian coastal lowland include, besides 
river valleys, the so-called yedomas (IC remnants) 
and alas depressions (result of subsidence of thawed 
permafrost) that reach surface areas of tens of square 
kilometers. Alases occupy up to 75 % of the northern 
Yakutian coastal plains [Lomachenkov et al" 1965; 
Bosikov, 1978] and up to 50 % in central Yakutia [Iva
nov, 1981]. 

Although being approximate, these estimates 
indicate that the ground surface composed of IC de
posits is more strongly affected Ьу thermokarst pro
cesses in northern Yakutia than in its central part. 
The reason is that alases in both northern and central 
areas of Yakutia result from water ingression ( show
ing up as the number and sizes of lakes) rather than 
from climate warming per se or from other tempera
ture agents. 

The glacial deposition completed in the епd of 
the last cryochron (Last Glacial), and the top surfaces 
of its remnants (yedomas) generally have experienced 
no denudation since then. This inference follows from 
many radiocarbon dates showing latest Pleistocene 
ages of the youngest IC deposits [Ivanov, 1981; Kap
lina, 1981]. Therefore, through the Holocene the IC 
deposits have been subject to different alteration 
trends [ Shur, 1988]. 
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PERМAFROST RESPONSE ТО CLIMATE WARМING 

Some factors acted in latest Pleistocene-Holo
cene time that preserved the IC remnant top surfaces 
and made them more staЫe. 

Since the 1940s, it has been understood that 
tЬere exists а protective layer underneath the active 
layer [Efimov and Grave, 1940], namely, а 1.5-2.0 m 
thick frozen layer was found under thick forest Ье-
~ alases in Central Yakutia. However, deforesta

increased the thaw depth Ьу 30-40 % ( originally 
1~1.4 m) and the protective layer started thawing. 

Тhе protective layer is widespread on IC rem
oant surfaces in northern coastal plains as well but 

Ьееn referred to in different ways: either а "cover" 
-r.ptina. 1981] or а "transition" layer [Shur, 1984]. 

lЪis layer is remarkaЫe Ьу а very high ice con
up to 60-70 %) and Ьу massive-agglmerate or 

Rliculate cryostructures. 1 t is most often silty and 
а thickness of 1.5-1. 7 m. 
Тhе origin of the protective layer is controver
It \\'as interpreted as а remnant from the Holo
climate optimum [Kaplina, 1981; Konchenko, 

'99], but there are views [Gravis, 1969; Torgovkin, 
988; Slшr, 1988] that the thaw depth in the Holo

decreased rather than increasing because of 
patrr soil moisture contents and profuse growth of 
~с vegetation (moss and subshrubs). 

ТЬе effect of landscape changes was to decrease 
tha\\' depth in unthawed areas through the Holo-

history of the ice complex, after its deposition 
Ьееn completed. As а result, the permafrost sur
Ьecame shallower and there formed an ice-rich 

ьansition layer [Shur, 1988]. 
Another essential agent is moisture migration 
tЬeactive layer into the upper permafrost, which 
Ьееn \\·ell studied Ьoth in field and in laboratory 
~ 1978; Eтshov, 1979; Konstantinov, 1991]. 

ТЬе ice-rich transition cover is widespread on 1 С 
8lfaces and is an important screen that protects per-

8ilfrost from various effects of climate warming, in -
lldiDg temperature variations. That is why protec
l:lt' (the original term from [ Efimov and Grave, 

appears to Ье а better narne than cover or in
for the layer of high ice content in the up-

psmafrost. 
ТЬе destructive effect of the Holocene warming 
tЬе thermokarst erosion of IC deposits is only 
component of the permafrost response to climate 

11aoge_ Another component is staЬilization as а con
queoce of physiographic changes such as increasing 

DtOist:ure, growth of hydrophilic rnoss, or accurnu
of soil organic matter. 

It is owing to the protective layer, that а great 
pan of the ice complex has survived through more 
than 10 kyr and remains an important environrnent 
cootrol of permafrost-related landscapes and ecology 
m·er а vast territory of East Siberia. 

In northern Yakutian coastal, the protective lay
er formed v.rhen the temperature rise from -22 ... - 28 

to -8 ... -10 ·с allowed moisture migration from the 
active layer into the underlying frozen ground. In 
Arctic areas, it is as thin as 0.4-0.5 m and cannot pre
vent the ground below it from thawing associated 
with active layer dynamics. As а result, the upper ice 
complex becomes prone to destruction, such as, for 
instance, the Yedoma section of the Oiyagos Yar 
which misses Sartan strata (an effect called frontal 
thermal planation in [Tomirdiaro and Chernen
kii, 1987]). On the contrary, the ice complex degrades 
very little from the surface in areas further to the 
south, as far as southern Yakutia, where the protec
tive layer thickens up to 1.5-2.0 m. 

In addition to the reported physiographic fea
tures of alas formation, the protective layer is subject 
to spatial inversion. 
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BURIED SNOW IN ТНЕ LENA-AМGA PLAIN 
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Some new forms of buried stratified ice have been discovered in the Late Pleistocene section of the 
Lena-Amga Plain (Central Yakutia, Russia) in the course of core drilling at several watershed sites elevated 
to 220-250 m asl. The buried ice, which belongs to the traditionally distinguished ice complex, makes three 
separate layers of firn (snow recrystallized to difference degrees), at the depths 12.0 to 17.0, 23.3 to 24.5, and 
33.6 to 39.0 т below the ground surface lying under wedge ice found in the uppermost section between 2.5 and 
5.0 т. The firn layers are separated Ьу syngenetically frozen sandy silt and silt. 

INTRODUCTION 

Buried ice is widespread in plainland Central 
Yakutia, especially in the Lena-Amga-Aldan inter
fluve (Lena-Amga Plain) where it belongs to the ice 
complex [Soloviev, 1959; Katasonov, 1975, 1979; Iva
nov, 1984]. The ice complex of the area consists of up 
to 70-80 m thick fine-grained sediments that bear 
frozen water in the form of ice wedges and structure
forming ice. The total permafrost thickness reaches 
hundreds of meters, the upper layer of at least 100 m 
being syngenetically frozen ground. 

More evidence of the composition, age, and geo
morphic setting of the ice complex has been obtained 
recently through core drilling in the Lena-Amga 
Plain, at altitudes 220-250 m asl (Fig. 1), run Ьу the 
Institute of Permafrost (Yakutsk) [ Spektor and Spe
ktor, 2002]. 

Boreholes drilled at several sites of the plain near 
watersheds stripped previously unknown forms of 
buried stratified ice which turned out to Ье snow re
crystallized to difference degrees (firn). The discov
ery of firn ice in drill sections, а very important out
come of the drilling project, provides clues to the Late 
Pleistocene climate in the area and has additional im
plications for the origin of the ice complex. 

FIELD DATA 

The most complete section with different forms 
of buried ice was found in the borehole drilled in 
2004 at 62°08' N, 131°18' Е, 82 km east of Yakutsk 
city. The experiment of 2004 consisted in core drilling 
with successive Ьit diameters of 147, 127, 108, 89, and 
76 mm, and core recovery using an air-flushing sys
tem. Thus obtained undisturbed core material select
ed for further studies was then transported, in the 
frozen state, to an underground laboratory of the In
stitute of Permafrost (Yakutsk). 

The core section included three ice layers of dif
ferent thicknesses: wedge ice in the uppermost part at 
2.5-5.0 m below the ground surface and two firn lay
ers at 12.0-17.0 m and 33.6-39.0 m separated Ьу syn
genetically frozen sandy silt and silt [ Spektor et al., 
2008]. 

Another hole drilled in 2011 three meters off the 
former one provided more details of the section as it 
tapped layered ice at two depth intervals of 13.5-
14.2 m and 23.31-24.50 m below the ground surface. 
Additionally, the upper and lower snow cover was 
sampled above the hole (5-10 and 30-40 ст below 
the snow surface, respectively, the total snow thick
ness at the time of 19.03.2011 being 43 cm). 

Copyright © 2011 V.B. Spektor, V.V. Spektor, N.T. Bakulina, АН rights reserved. 
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130° 132° 134°Е 

J.17711 1,"12 f· ... ······JЗ 1*200414 55° 

fic. 1. Location map ofboreholes in the Lena-Amga Plain (Central Yakutia). 
- .Jn-ations. meters аЬоvе sea level; 2 - lakes; З - roadway; 4 - boreholes. 

One more Ьorehole, which was drilled in 2005 at 
km east of Yakutsk (62°04' N, 131°33' Е), stripped 
Ьuried at 2.8-8.2 m below the surface. This firn 

correlates v.·ith the 33.6-39.0 m interval of the 
Ьorehole in its stratigraphic position, structure, 

texture. 
The ice layers in the drill section of 2004 were as 

Uppermost layer (2.5-5.0 m): wedge ice. The 
ripped ice v;edge is at least 30 cm wide and about 
- thick. Ice is transluscent and yellowish, has а 

Ьanded texture (1-2 cm wide bands), and en
various mineral and organic lenses and elon -

~ р ЬuЬЫеs. 
Upper fim layer (12.0-17.0 m): thinly stratified 

with very fine, fine, or less often coarse particles 
~ 2. а). In our view, this ice type may result from 
~tion of buried snow. Buried snow within 

depth interval is poorly compressed and weakly 
:.rstallized, and shows intricate stгatification. The 

firn layer consists of several smaller banded 
rers of (i) 3-5 cm thick pure banded fiгn, (ii) 

-2 cm thick banded fiгn with soil, and (iii) 1-4 cm 
hick brecciated and coarse-crystalline firn 
Fig. 2, Ь). 

Тhе compacted snow lауег includes tentatively 
distinguished annual cycles consisting of pure white 
SIIO\\. (formed in wet and warm seasons) and grayish 
SDO\\" \\'ith mineral paгticles ( dгу and cold season). 

Each cycle is 2-3 mm thick, with about 20 such cy
cles in а banded layer, i.e., theгe wеге at least 20 yeaг
long spells of haгsh climate. 

The 1-3 cm thick layers of coaгse-crystalline 
fiгn consist of up to 5 mm round or rectangulaг ice 
cгystals with molten edges. Тhеге аге pieces of colum
nar upright ice cгystals, which is typical of fiгn gla
cieгs. 

Lower firn layer (33.6-39.0 m): stratified ice, 
slightly denseг and тоге strongly гecrystallized 
than that in the uррег layer. In the loweг portion of 
the interval, ice layeгs alternate with fгozen silt 
which, in turn, grades into lens-type or гeticulate ice
rich soil. 

The section of the 2011 borehole dгilled near 
that of 2004 included two layers of stгatified ice we 
sampled: one between 13.5 and 14.2 m and the otheг 
between 23.31 and 24.50 m below the surface. It was 
coarse-crystalline ice with its structure similar to that 
of the lower fiгn lауег at 33.6-39.0 m (see above). 

The uppermost section contained wedge ice 
2.5 m below the surface lying undeг massive light 
brown silt and а thin soil lауег at the top. Between 
the ice (firn) layers, the dгill hole tapped syngeneti
cally fгozen silt and sandy silt with reticulate от mas
sive cryostгuctures in the depth inteгvals 5.0-12.0 
and 17.0-33.6 m. Massive silt is cut in many places Ьу 
bгanching thin (а few mm to 3 cm) nearly upright 
cracks filled with ice. 
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12.7 

12.8 

12.9 

13.0 

13.1 

Fig. 2. Middle part of 2004 drill section. 
13.2 а - ice cores with stratified ice (firn) from depths 

12.7-13.4 m below ground surface; Ь - hierarchic ice 
stratification at depths 13.75-13.85 m Ьelow ground 
surface; 1 - pure banded firn; 2 - banded firn with soil; 
3 - brecciated and coarse-crystalline firn. 

13.3 
m 

LABORATORY MEASUREMENTS 

lsotope composition of ice and snow. The oxy
gen and hydrogen isotope compositions of buried firn 
ice from the borehole of 2004 was studied at the Lab
oratory of Isotope and Nuclear-Physics Methods 
(Science & Technology Center, All-Russian Research 
Institute of Hydrogeology and Engineering Geology, 
VSEGINGEO, Moscow, reports Ьу У.А. Polyakov 
and A.F. Bobkov). The sarnples of ice from the 2011 
borehole and fresh snow cover of the same year were 
analyzed at the Laboratory of Isotope Geochernistry 
and Geochronology (Institute of Geology of Mineral 
Deposits, Petrography, Mineralogy, and Geochemis
try, IGEM, Moscow, reports Ьу Е.О. DuЬinina). The 
results are synthesized in ТаЫе 1 and in Fig. 3. 
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The oxygen isotope composition (8180) of 
firn ice sampled from the intervals 13.5-14.1 and 
23.4-24.41 m varies in а narrow range relative to the 
SMOW standard, according to data of the IGEM 
Laboratory. In the upper interval, o1BQ is 
frorn -32.25 to -29.20 %0, and deuterium (8D) 
ranges frorn -213.5 to -236.9 %0. The respective 
ranges in the lower interval are between -31.70 %о 
and -30.32 %о 8180 and -234.7 to -219.9 %о 
8D. Firn from the 12.0-17.0 and 33.6-39.0 m 
intervals was analyzed at the VSEGINGEO La
boratory, one sample from each interval. The 
results (ТаЫе 1) were similar to the 8180 and 8D 
data for the 13.5-14.1 and 23.4-24.41 m inter
vals. 



BURIED SNOW lN ТНЕ LENA-AMGA PLAIN 

ТаЫе 1. ()180 and oD contents in buried fim 
ofthe Lena-Amga Plain and surface snow cover 

.... ))ероЯt Sampling interval, m 
Ьelow ground surface 1>180, %о l>D,%0 

1 
Borehole 2011 

Ice 13.50-13.58 -29.73 -213.5 
Ice 13.62-13.70 -29.20 -214.3 
Ice 13.72-13.80 -29.77 -223.8 
Ice 13.82-13.90 -30.44 -232.О 

Ice 13.92-14.00 -31.20 -236.9 
1се 14.05-14.10 -32.25 -232.1 
1се 23.41-23.44 -30.54 -219.9 
1сж 23.51-23.56 -30.32 -223.8 
1сж 23.62-23.68 -30.73 -226.7 
ke 23.71-23.78 -30.95 -230.О 

1се 23.88-23.94 -31.55 -234.7 
1сж 24.00-24.07 -31.70 -232.5 
1се 24.25-24.30 -31.63 -229.1 
1се 24.37 - 24.43 -31.23 -225.3 

s.face sпош cover above borehole 2011 

Sam.· Upper layer, 5-1 О cm 
Ьelow ground surface 

-38.63 -288.8 

S-0.- Lower layer, 30-40 cm 
Ьelow ground surface 

-31.60 -229.3 

Borehole 2004 

1се 12.0-16.0 

1 

-30.60 

1 

-275.0 
1се 33.50-33.65 -26.60 -226.0 

1Ъе isotope composition of the analyzed ice sam
almost identical to that of meteoric water in 

Yakutia [ Рорр, 2006). The values of 8180 and 
sno"· are related as у= 7.66х - 2.90, with the 
and upper Ьounds of-42 to -19 %о 8180 and 

-180 -.. oD. The local meteoric water line for 
Yakutia differs from the global line [ Ferronsky 
ltlltov,2009; Craig, 1961) in lower 8180, while 

same. 
1Ъе soo"· isotope composition reported in [ Рорр, 

"-as oЬtained in samples collected in November 
~ of 1997 /98 near Yakutsk. The snow we 
oear the borehole of 2011 gave -38.63 %о 

upper layer ( 5-1 О ст below the surface) 
-31.6 0180 in the layer 30-40 cm below the 

е. which is almost the same as in the buried 

Spore-and-pollen composition. Spore-pollen 
~ in the core samples differ qualitatively 
..-titatively from the present ones. The present 

R-pOllen spectra of the topsoil (0-0.1 m) are 
.mated Ьу tree and shrub pollen (68.4-75.0 %), 

28.7 and 17.0 % grasses and subshrub species, 
1espectively. the spores being 2.9 and 8.0 %. 

Subaerial loam lying under present loam and 
edge ice, as well as the upper wedge-ice layer (0.75-

m) contains mostly grasses and subshrub pollen 
- --67.0 %), with highest percentages of Cypera-

oD,%0 
-150 

-170 

-190 

-210 

-230 • 
• 1 

-250 • 2 
"3 

-270 • • 4 

-290 
-5 
--6 

-31 о ~---,..-...,.--.-------.---.-----,.-----.-.----,----, 
-40 -38 -36 -34 -32 -30 -28 -26 -24 -22 -20 

0180, %о 

Fig. 3. 8180 vs. 8D relationship in buried firn of 
Lena-Amga Plain and in present surface snow 
cover. 
1 - samples from 2004 borehole; 2 - samples from 2011 bore
hole, interval 13.5-14.2 m below ground surface; З - samples 
from 2011 borehole, interval 23.31-24.5 m; 4 - snow cover 
above borehole of 2011; 5 - global meteoric water line; 6 - local 
meteoric water line. 

сеае (27.2-16.8 %) and Роасеае (12.4-36.1 %). The 
spores (27.8-20.8 %) belong mainly to Polypodiaceae 
(20.1-7.2 %). Tree and shrub pollen, of relatively low 
percentages (9.5-12.2 %), consist of Betula middeп
dorfii, Betula exilis (7.7-9.0 %) and Alпaster (0.3-
1.5 %). 

These spore-pollen spectra of the upper section 
correspond to а tundra environment. 

Spore-pollen assemЬlages in lacustrine loam ly
ing between wedge ice and buried snow (interval 
10.11-12.15 m) and in Ьluish-gray silt with plant de
tritus (interval 7.50-10.11 m) are poor, with 100-296 
grains found in no more than four specimens. The 
spectra are dominated Ьу grasses (35.0-90.3 %), es
pecially xerophytes: Cheпopodiacae (0.5-47.5 %), 
Роасеае (7.6-40.0 %), Artemisia (7.0-27.8 %), Cicho
riaceae (1.0-26.7 %), and Caryophyllaceae (0.5-
5.8 %). The tree-shrub pollen (7.7-37.2 %, most often 
22.0 %) is almost uniformly distributed over the sec
tion and consists of Betula папа ( 1. 7-20.0 %, the per
centages growing upwards), Alnaster (О.5-4.0 %), 
Salix (0.5-4.0 %), and Pinus pumila (0.5-9.9 %, the 
percentages likewise growing upwards). The tree pol
len includes higher percentages of Larix (1.8-10.0 %) 
and lower percentages of Betula sect. Albae (0.5-
7.0 %), Pinus sylvestris (0-1.8 %), and sporadic Pi
cea. 

Spores are from 3.2 to 39.0 %, most of them being 
Bryales (1.2-24.4 %) and Polypodiaceae (0.5-29.0 %) 
species. The samples contain Pediastrnm green alga 
and other microfossils. Note that the interval is rich 
in redeposited material from Mesozoic and Cenozoic 
sediments. 
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The taxonoтic coтposition and relative per
centages of the spore-pollen spectra at these depths 
correspond to tundra and steppe landscapes doтi
nated Ьу xerophytes and sparsely growing larch-Ьirch 
or larch-pine forests (forest-tundra). Large percent
ages of green moss spores and Cyperaceae pollen, as 
well as sоте pollen of beach and water plants, indi
cate hypnuт bog and sedge fen environтents. 

The spore-pollen spectra in saтples of buried 
firn and underlying silt between 12.15 and 17.35 m 
differ froт those in the interval above in having rath
er high percentages of tree-shrub pollen (13.7-
44.0 %), which are however lower than grasses and 
subshrubs (47.1-70.3 %). 

Trees and shrubs are sтall-leave angiosperтs 
(12.4-36.0 %), тostly Betula папа (5.5-24.0 %). 
Betula sect. Albae is froт 3.0 to 12.0 %, Alпaster and 
Salix are from а few grains to 5.0 % and 3.0 %, respec
tively. 

The spectra of conifers (2.1-15.1 %) coтprise 
greater percentages of Larix (1.0-10.0 %), lower per
centages of Piпus sylvestris (0.3-5.3 %), and sporadic 
grains of Picea siblrica and Piпus pumila. 

The coтponents in grass and subshrub pollen 
froт this depth interval again change in relative 
aтounts: the percentages of Artemisia (9.6-16.0 %), 
Роасеае (6.0-24.0 %), and Cheпopodiacae (4.0-
14.8 %), and especially Ericales (5.0-13.0 %) are 
higher than in the overlying section while Cichoria
ceae are lower (1.8-13.0 %). 

The coтposition of spores (5.5-13.7 %) in this 
interval тisses Selagiпella siblrica and includes lower 
percentages of Bryales (1.1-5.6 %) and Hepaticae 
( few grains to 3.5 % ) тosses but higher percentages 
of Sphagпum (0.3-3.0 %). 

The low abundances of spore and pollen (100-
223 grains in two or three specimens) and low per
centages of tree pollen in the spectra proтpt that de
position was in open landscapes with sparse forests 
but extensive steppes and saline-land heaths which 
were doтinated Ьу worтwood-goosefoot and grass 
coттunities, with heath and shrub patches. The 
sparse forests consisted of Larix or locally Piпus syl
vestris, Betula platyphylla, and, possiЬly sоте Picea. 

Slightly higher percentages of shrub Ьirch, quite 
abundant Ericales, and greater spread of тesophytic 
grasses and Sphagпum, as well as lower percentages of 
xerophytes ( Cheпopodiacae and Selagiпella siblrica) 
тау Ье, to а certain extent, evidence of а slightly 
warтer and wetter cliтate coтpared to that of the 
previous interval, though а severe environтent likely 
persisted. 

Periglacial alluviuт (20-31 m) and lower part of 
buried firn (31-43 т) bear the lowest aтounts of 
spore and pollen (13 to 128 grains in one to five spec
iтens). Seven out of sixteen speciтens were almost 
barren (containing а few grains). The spore-pollen as
seтЫages consist тainly of grasses (47.0-83.0 %), 
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especially Cheпopodiacae (to 56.0 %) whose percent
ages hold nearly the sате in all saтples. Роасеае and 
Artemisia are likewise quite high: up to 20.4 % and 
1 О.О %, respectively. All spectra contain notaЫe 
aтounts of Caryophyllaceae (0.3-11.2 %), Cichoria
ceae (1.1-6.9 %), and Asteraceae (0.3-3.0 %). Grass
es (Ericales, Rosaceae, Oпagraceae, Polygoпaceae) are 
rare or sporadic. 

Tree and shrub pollen is 4.0-23.9 %, or occasion
ally as high as 34.0 %, being тainly Larix (0.3-
19.0 %). Less abundant is Piпus sylvestris (0-4.0 %), 
Betula platyphylla (О-5.0 %) and Betula папа (В. Mid
deпdorffii, В. exilis), Alпaster, and Piпus pumila. 

The coтpositions of spores, diverse тicrofossils, 
and redeposited pollen and spores from older sedi
тents are siтilar to their counterparts froт the over
lying layers. 

The spore-pollen spectra represent vegetation of 
periglacial steppe tundra with sporadic forests and 
swampy lowlands in а very cold cliтate. 

DISCUSSION 

Judging Ьу the isotope compositions, the discov
ered layers of buried stratified ice are congenetic and 
siтilar to the present snow. The latter fact, along with 
fine grain sizes, banding, presence of coluтnar ice 
crystals, and horizontal stratification, allows us to 
identify the buried ice as firn. 

The presence of firn is evidence of alternating 
positive and negative teтperatures and draтatic 
changes in moisture contents of near-surface air. 

The discovery of snow patches in the southern 
plainland part of the Lena River catchтent indicates 
that the suттer air teтperatures were only slightly 
above zero during sоте spells of the Late Pleistocene. 
Ву analogy with present Arctic areas, one тау infer 
that the mean annual air teтperature in Central Ya
kutia did not rise above -20 °С during those cold 
spells, which is about 10 °С lower than the today teт
perature. 

Mean annual air teтperatures are known to cor
relate with mean annual 8180 in precipitation [Dans
gaard, 1964]. The 8180 content in water of а basin 
approxiтately correspond to that at the snow-rain 
boundary in the respective area or to the highest con
tent in snow [Рорр, 2006]. In our case, with the ob
tained -29.2 %о 8180, the mean annual air teтpera
ture may have been as low as -20 °С, the winter and 
summer means being, respectively, -45". -50 °С and 
slightly above +5 °С. The relatively cold suтmer 
temperatures are corroborated Ьу the vegetation 
composition corresponding to steppe-tundra, or oc
casionally, forest-tundra environтents in the tiтe 
when the ice-bearing sediments were deposited. Snow 
patches may have been preserved in small depressions 
on hillslopes which were shaded though being elevat
ed, and thus were favoraЫe for snow accuтulation. 
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CONCLUSIONS 

nus, the investigated three layers of stratified 
"-ere formed on the ground surface and are most 

buried snow patches (firn). The buried ice has 
isotope composition similar to that of snow in the 

area. The sediments that host the buried ice 
Ьеаr spore-pollen assemЬlages corresponding 
climates of Late Pleistocene glacials. 

ne presence of buried firn, ice, and ice soil in 
•pper sedimentary section of the Lena-Amga 

means that the upper syngenetic permafrost of 
underwent а more complex evolution than it 

ought Ьefore. Until recently, syngenetic frozen 
iп Central Yakutia was attributed to а cold 

• climate with sharp seasonal temperature 
-.·Ысh produced wedge ice and maintained 

extent of а thick ice complex. However, the 
ed thickness of the ice complex and the exis

several layers of buried snow recrystallized to 
1111: degrees indicates that syngenetic permafrost 
с8еС1 in а relatively wet climate at quite low 

air temperatures, as it commonly occurs in 
.Ьject to glaciation. On the other hand, the 

of fim preservation and burial is evidence of 
rapid sedimentation which may occur only un

ectooic (or rather glacial-tectonic) subsidence. 
Aa:ording to climate and permafrost reconstruc
the greatest portion of syngenetic permafrost in 

Yakutia originated under the influence of а 
ice sheet, most likely the Verkhoyansk one. 

a.li.2011, voLXV. No.4, рр. 21-25 
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LANDSCAPE GEOCHEMICAL TRACERS OF CONTAMINAТION 
IN DELTAS OF RIVERS DISCHARGING INTO ТНЕ ARCTIC BASIN 
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Terrestrial ecosystems located in the Yenisei and Pechora delta and estuary zones have been studied for 
radionuclide and heavy metal contamination from remote global and regional sources. Radionuclides and heavy 
metals in soil, water, and plants were determined at different distances from the sea on landscape-geochemical 
transects across riverbanks and delta islands. In the Yenisei delta and estuary zone, !оса\ 137 Cs accumulation was 
found Ьeing associated with operation of the Krasnoyarsk Chemical Comblne. The highest 137 Cs were measured 
at test sites located on islands within the Yenisei delta front, which thus appears to Ье а natural barrier for river
Ьome contaminant fluxes into the Arctic basin. Heavy metals ( Cu and Ni) in mosses and willow (leaves) species 
collected on teпaces and watersheds in the lower Yenisey showed а slowly increasing trend toward the Norilsk 
Combine. The measured 137Cs contamination of the Pechora test sites was within the global background. 
Relatively high Cu and Zn were revealed in Pechora water sampled 3 km downstream ofNaryan-Mar city. These 
patterns тау Ье used for purposive contamination tracing. 

С: p;2ight С 2011 Е.М. Korobova, N.G. Ukraintseva, V.V. Surkov, Е.А. Dombrovskaya, All rights reserved. 
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INTRODUCТION 

The deltas of the Yenisei and the Pechora, two 
large rivers in northern Russia, are of interest for their 
terrigenous input into the Arctic basin. The reported 
study focuses on radionuclide and heavy metal con
tamination of terrestrial ecosystems in the lower 
reaches of the Yenisei and Pechora rivers at different 
distances from global- and regional-scale polluters, 
and on redistribution of this contamination in the 
conjugated landscapes. 

Pollution in the region comes mostly from the 
Norilsk Nickel Comblne (NNC) with its influence 
zone exceeding 150 km [Ermakov and Ukraintseva, 
2005] and from the Krasnoyarsk Chemical Comblne 
(КСС) which has contaminated the Yenisei flood
plain downstream of the Comblne [ Vakulovsky et а!., 
1995; Kuznetsov et а!., 2000; Sukhorukov et а/., 2004]. 
The Pechora catchment belongs to few areas with al
most undisturbed ecosystems and thus may serve for 
а reference standard against which to study natural 
processes in deltas and estuaries oflarge northern riv
ers [ Resolution ... , 2000]. Nevertheless, its territory has 
suffered from atmospheric radionuclide fallout du
ring nuclear tests and from the consequences of the 
Chernobyl accident. According to Nif ontova [ 2000] 
and the Radioactive Contamination Atlas [ 1998], 
137Cs contamination has duplicated after the Cher
nobyl accident (as measured in 1995). 

METHODS 

Landscape geochemical transects across different 
floodplain levels, ancient terraces of the Yenisei and 
Pechora, and the watershed periphery were located at 
different distances from the sea. The sampling sites 
were chosen at places of geochemical contrasts with 
presumaЬly maximum accumulation of river- and air
borne radioactive elements. The soil profiles were 
sampled in increments of 2, 5 and 10 cm down to the 
tаЫе of permafrost or groundwater (30 to 120 cm). 

The sampled plants were dominant species of high 
food and tracer importance (mosses, lichens, grasses, 
sedges, horsetail, willow and alder). The concentra
tion of radionuclides was measured in air-dried sam
ples (as air-dry weight) using а Canberra gamma-ray 
spectrometer (USA), analysts Borisov А.Р. (Ver
nadsky Institute of Geochemistry, Moscow) and Кi
rov S.S. (Radon R&D Company), to an accuracy no 
worse than 5-1 О % ( 137 Cs in soil) and 3 to 35 % (137 Cs 
in plants ). The content of heavy metals in soil and 
plant samples was measured Ьу XFA with the help of 
ORTEC-TEFA and SPARK-1 mass spectrometers, ana
lysts Sorokin S.E. (Dokuchaev Institute of Soil, 
Moscow) and Sizov Е.М. (Vernadsky Institute of 
Geochemistry, Moscow). Samples of water and aque
ous extracts were analyzed at the Dokuchaev Insti
tute of Soil, Moscow (analyst Grishina R.V.) and at 
the Esenin Ryazan' State University, Ьу Atomic Ad
sorption Spectroscopy, AAS (analyst Tobratov S.A.). 
Micrometer- and nanometer-size particles from 
groundwater were extracted on membrane filters fol
lowing the procedure developed at the Vernadsky In
stitute of Geochemistry (Moscow) [Shkinev, 2009]. 
Trace elements in these size fractions were deter
mined Ьу V.К. Karandashev. 

CONCENTRAТIONS 

AND DISTRIBUTION OF 137Cs 

The average concentration of 137Cs in soils and 
plants is on the average within the global background. 
However, it may vary markedly (ТаЫе 1) depending 
on the polluting source, the geomorphology of the 
test sites, the type of soil and fluvial deposits, and the 
plant species. 

In the lowerreaches of the Yenisei, the 137Cs densi
ty is the highest (up to 88 kBq/m2) in the delta front 
near settlement Ust'-Port within the low floodplain 
of the Pashkov Island. The contamination is regional
scale and comes from the Krasnoyarsk Chemical 

ТаЫе 1. 137 Cs in landscape components, air-dry weight ( at time of measurements) 

137 Cs, Bq/kg 
Nurnber Location of landscape transects of test sites Soil 

Plants 

Mosses Willow leaves Horsetail 
Yenisei delta, settlernent Ust'-Port 

High terraces 6 1.3-282 10-137 26-108 12-53 
Right-bank floodplain 5 0.2-117 30;49 21-81 9-15 
Island floodplain 7 0.8-325 10 17-61 19-44 

Pechora Gulf, Bolvansky Саре 
Нigh terraces 

3 16-156 62; 118 67; 142 54-119 

Pechora delta (settlernents Yushino, Во!. Sopka, Iskateli) 5 30-215 31-125 n/d -

High terraces 
Riverbank floodplain 1 10 - 56 -

Island floodplain 5 2.5-20 - 24-51 7-109 

N о t е. Dash is not sarnpled, n/d is not deterrnined. 
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ComЬine. The 137 Cs concentrations are notaЬly lower 
in the Yenisei intradelta (floodplain of the Tysyara Is
land) (20 and 25 kBq/m2) but are likewise above the 
g1оЬа1 background (2.0-2.9 kBq/m2). According to 

estimates, the Tysyara site receives up to 30 % of 
tal river discharge. The high floodplains and ter

races are contaminated to а lesser degree, about the 
Ьа1 fallout (0.4-2.8 kBq/m2). Relatively enhanced 

contamination (twice the background) observed in 
transaccumulative (interhill) depressions may Ье 
produced Ьу 137Cs transport with surface run-off. 

In the lower reaches of the Pechora, the 137 Cs ac
tivity and density (ТаЫе 1) are the highest ( 150 to 
215 Вq/kg) in tundra soils on watersheds and on ter
races of different heights (from 7.6 to 30 m above the 
lov.'-\\'ater river level). The southern terraces are less 
contaminated (settlement Bol. Sopka) than the 
вorthern ones (Bolvansky Саре, settlement Yushino ). 
1Ъе greater contamination in the latter may Ье due to 
heir proximity to nuclear test sites. U nlike the Yeni

lov1er reaches, the activity of radiocesium in flood
soils (2.5-25 Bq/kg) is an order of magnitude 
than on terraces. This is consistent with the ab
of consideraЫe regional radioactive polluters in 

~hora drainage area. Yet, the total contamina-
in floodplain soils ( especially on islands: 2-6 
'm2) is commensurate with or locally higher than 
оп terraces (1.0-2.4 kBq/m2), i.e., contaminants 

aunulate in floodplain areas. 
The 137Cs patterns in soil profiles are of three 

1 types: ( 1) maximum element concentration near 
soil surface; (2) contaminated top organic soil 
Ьuried as а result of solifluction or slumping; (3) 

11taminated horizons repeatedly buried during sea
cycles of flooding and alluvial deposition. The 
patterns are characteristic of soils from, respec

- watershed and terrace (1), hillslope (2), and 
Jplain (3) landscapes. Peat-gley and especially 

- 2 ~ 

а 

у= 1.1818х+ 2.8182 

R2=0.6172 

peat soils in terraces show relatively enhanced 137Cs 
concentrations at the active layer base where soil so
lutions accumulate at the boundary with permafrost 
and are subject to periodic freezing. 

The general trend of 137Cs Ьiosorption Ьу domi
nant plant species is an increase in the series grasses < 
alder, willow (leaves) < lichens < horsetail < mosses 
(green part) < mosses (lower brown part). The tun
dra plants show the highest soil-plant transfer factors 
(TF), as high as transfer from hydromorphic soil in 
the zone of Chernobyl pollution. The species that are 
more active potassium accumulators commonly have 
lower TF for 137Cs [Korobova, 2009]. 

CONCENTRATIONS AND DISTRIВUTION 
OF HEAVY METALS (Cu, Ni, Zn) 

Test sites in the lower reaches of the Yenisei show 
insignificant contamination with heavy metals. Their 
concentrations and distribution depend on the dis
tance from the regional source. For instance, Ni con
centrations increase toward the Norilsk ComЬine in 
mosses (3-5 times) and willow leaves (2-3 times) 
that grow on terraces and in watersheds (Fig. 1 ). The 
distribution of copper has the same patterns. The rea
son is obviously the air transport and the subsequent 
fallout of metals, as well as their secondary redistri
bution with river and surface runoff. The redistribu
tion is evident in relatively higher concentrations of 
elements in fine alluvium and, as well as in the pres
ence of buried contaminated floodplain soils. En
hanced Cu, Ni, and Zn in top and supra-permafrost 
soil horizons of high terraces in the Yenisei delta front 
(Fig. 2) result either from local surface contamina
tion or from natural Ьiological and cryogenic accu -
mulation. Heavy metals, especially Ni and Zn, have 
relatively high concentrations in fine suspended sedi
ment load in floodplain soil groundwater. The highest 
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Fig. 2. Vertical profiles of Cu, Ni, Zn in soils of chemically conjugate tundra systems (settlement Ust'
Port): 
а - eluvial system, Ь - transitory system, с - eluvial-accumulative system. 

Ni percentages (30-80 %) occur in suspended parti
cles larger than 0.45 µm (Fig. 3)1. 

Floodplain soil groundwater bears higher Ni 
concentrations in islands within the delta front (Pa
shkov Island). Therefore, the delta front landscape 
systerns serve as barriers to riverine transport of con
taminants. 
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According to the heavy metal measurements of 
2010 in the Pechora water, contamination is low 
(0.5 µg/l3 Cu and 2.8 µg/l3 Zn on average) in the 
large river arms but increases three- to five-fold in 
small tortuous channels and near delta islands where 
water is slow (up to 1.5-2.0 µg/l3 Cu and 7-15 µg/l3 
Zn). Significant pollution in the river is due to the 
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Fig. З. Heavy metals in soil groundwater (а) and Ni partitioning among fractions of micrometer- and 
nanometer-size particles (µm) extracted Ьу membrane filtration from soil groundwater samples ( Ь). 
Capitalized abbreviations stand for names of test sites: ST - Саре Shaitansky; KR - settlement Karaul; TS - Tysyara Island; 
PSh - Pashkov Island. 1-6, 2-7, etc. are indices oftransects (left) and sampling sites (right). 

1 The fraction <О.45 µm is commonly classified as а natural soil solution. Actually, these are solutions of dispersed soil par
ticles, which is confirmed Ьу membrane filtration. 
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Naryan-Mar city: Zn is as high as 28 µg/P in the river 
water 3 km downstream of Iskateli neighborhood 
( northern outskirts of the city ), which is almost three 
times the maximum permissiЬle concentration 
(МРС) for fisheries waters (10 µg/l3). 

CONCLUSIONS 

Landscape-geochemical studies in the lower rea
ches of the Yenisei and Pechora rivers discharging in
to the Arctic basin have confirmed the possibllity of 
tracing radionuclide and heavy metal contamination 
oflandscape systems due to global- and regional-scale 
sources. Delta front island systems can act as barriers 

riverine transport of contaminants. The observed 
aa=umulation patterns of elements in different com

ooents of chemically conjugated landscape systems 
Ье used for reference in pollution tracing and 

-.itoring. 
ТЬе cooperation of the crew of R/V Akademik 
htrov and the researchers from SevPINRO in 

Ol"giilllization of cruises is greatly appreciated. The 
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Science Department of the Russian Academy 

Sciences, as well as Ьу grants 08-05-00872 and 10-
-... 0027k from the Russian Foundation for Basic 
aearch. 
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BIOGEOCHEMISTRY OF PERMAFROST LANDSCAPES IN WEST SIBERIA: 
IMPLICATIONS FOR ECOLOGY AND SUSTAINABILIТY 

D.V. Moskovchenko 
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РО Ьох 2774, Туитеп, 625003, Russia; land@ipdn.ru 

Тhе study concerns with Ьiogeochemistry of landscapes in the Yamal Peninsula, including the trace-ele
meot composition of different soils and abundances of plant nutrients. The sustainabllity of plant-soil systems 
iD pennafrost terrains has been recognized to have two major controls: the Ьiosorption activity of plants and 
rootents of Ьiogenic elements in soils. The former factor stabllizes the material composition of landscapes and 
shol.~ up especially in zonal systems. The other factor controls the rate of revegetation in industrially disturbed 
areas. the azonal soils being best provided with mineral nutrients. 

1Ъе vegetation cover has been universally ac
to Ье the principal control in processes respon

for the sustainaЬility of permafrost landscapes 
lnilюv, 1974; Meltser, 1994; Tsibulsky, 1995; Mos-

kalenko, 1996; Ermokhina, 2009]. Vegetation, and peat 
derived from it, stabllize the thermal regime of soils 
and thus prevent permafrost from degradation. On 
the other hand, vegetation is the most changeaЬle 

~t С 2011 D. V. Moskovchenko, All rights reserved. 
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laпdscape соmропепt ргопе to surficial апd subsur
face impacts. Thus, iпvestigatioп iпto the stгucture 
and fuпctioпs of plaпt Ьiota is а basic арргоасh iп es
timatiпg the ecology and sustaiпaЬility of tuпdгa 
laпdscapes. 

The patteгns of vegetatioп depeпd diгectly on 
soil chemistгy. Licheпs pгevail iп saпdy tuпdгa soils 
with low peat coпtents [Dobrinsky, 1995], willow 
shгub commuпities grow mostly оп mагiпе sedimeпts 
with highly saliпe soil wateгs [ Ermokhina, 2009]. Veg
etatioп оп soils depleted iп majoг апd trace elemeпts 
is роог, and such laпdscapes are weakly sustainaЬle. 
Thus, the sustainabllity of plaпt-soil systems is, to а 
large exteпt, а functioп of their chemical stгucture 
meaпt as the spatial and compositioп patteгпs of 
leaching апd enгichmeпt zoпes [ Glazovskaya, 1988]. 
The stгucture of Iaпdscape-geochemical systems гe
sults fгom а loпg evolutioп with its general tгепd fol
lowing Veгпadsky's law of incгeasiпg Ьiogeochemical 
eпergy iп living matter [Vemadsky, 1980]. 

The Ьiogeochemistry of peгmafгost plaпt-soil 
systems has Ьееп studied iп soil апd plaпt samples 
collected through environmeпtal pгofiling iп the Aгc
tic апd Subaгctic tundгa of the Yamal Peпiпsula 
(Воvапепkо апd Tambei oil fields). Sampliпg was 
aloпg landscape pгofiles (sequeпces ог cateпas) that 
tгaveгse differeпt geomorphic levels and, corгespoпd
iпgly, гесогd diffeгeпt ecological coпditions. Апоthег 
objective was to ехрlоге soil composition changes at 
development sites (petroleum wells and clusters). 

Accoгdiпg to data on the Ьiotic component of 
the landscape sequences, the eпdmembeгs commoпly 
have а simple stгucture of ceпoses апd low Ьiodiveг
sity. Fог iпstaпce, the driest апd wettest Subaгctic 
tuпdra Ьiotopes miss shгubbage. Plaпt commuпities 
gгowiпg оп depleted апd гelatively dry sandy soils 
show less diverse taxonomic compositioпs thaп those 

on wetteг апd гicher loamy soils of sedge-shruЬ
sphagпum tuпdгa [Moskalenko, 2006]. ТЬе Yamal 
tussock and sphagnum bogs have гeduced specua of 
life forms [ Telyatnikov, 2003], their simplified Ьiotic 
structure beiпg evidence of пutгieпts and energy 
shoгtage and роог self-гegulation. 

Therefoгe, we exploгed the compositions of 
plaпts and soils iп different ecological sequeoces. 
Plaпts аге known to Ье mоге active element ahsorЬers 
in zoпal wateгshed tundгa ecosystems than in very 
wet от vегу dry areas. The Ьiosoгption activity for 
trace elements is the highest in shrubs (ВetмltJ 11ll11ll. 

Salix glauca, S. lanata), the edificators of SuЬarttic 
tuпdras, but is low in gгasses, sedges, and sphagoum 
that dominate the intгa-zoпal systems [Dolniasky, 
1995]. The same treпds арреаг in the topsoil peat 
compositions. Biosorption is the most active in юоаl 
tuпdra soils in flat wateгsheds. The highest contents 
of Мп and Zп, which are the most rapidly accumu
lated elemeпts, are iп peat from yernik ( dwarfbircb)
licheп-green moss tundгa. Hydromorphic suЬacid 
soils show weakeг Ьiosoгptioп and higher lateral m.i
gratioп of substaпces and loweг contents of Ьiogenic 
elements in peat (ТаЫе 1 ). The total coefficient of 
Ьiological accumulation (ratio of average measured 
element conceпtгations to theiг average in soil) is tbe 
highest in zonal tuпdгa systems of flat \\atersheds. 

Thus, vegetatioп in the latter systems, 11.·hicb re
flect the most faithfully the eпvironment features 
("iпvariant" systems according to V. Sochava). has 
the highest geochemical activity developed in tbe 
course of long evolution. This fact sho\11;s up in the 
Ьiogeochemical structure of soils, namely in high 
compositional diveгsity of organic topsoils and poor 
element enrichment in the mineral horizons. Тhis is 
Ьiological accumulation preventing elements from 
transport in water that stabllizes the compositioo of а 

ТаЬ!е 1. Trace-element compositions of peat topsoil (Bovanenko oil field) 

Elernent 
Soils, geography, vegetation R1 

Mn Cr "В.а Sr Ni Со Си Zn РЬ 

Peat-gley soils of watersheds in tussock 3.0 0.7 2.1 0.8 0.6 1.1 0.8 2.3 1.1 10 
shrub-lichen-green rnoss tundra, п = 32 -- - -- - - - - - -

3650 124 1834 169 61 25 46 202 2.t 

Peat-gley soils of watershed slopes in 2.6 0.6 1.7 1.3 0.7 1.3 0.8 1.3 0.9 1 
grassy willow tundra, п = 6 -- - -- - - - - - -

3167 120 1467 262 68 28 44 112 19 

Bog soils of swales in shrub-sedge-rnoss 1.2 0.6 1.7 1.1 0.7 1.0 0.8 1.0 1.1 1 
tundra, п = 8 -- - -- - - - - -

1483 113 1500 225 73 23 47 82 25 

Transitional bog soils in carex- 1.7 0.6 1.9 0.8 0.7 1.4 1.0 0.9 1.1 1 
eriophorurn-sphagnum tundra, п = 4 -- - -- - - - - -

2050 120 2000 150 70 30 55 80 25 

Alluvial soils of near-terrace floodplain, 1.3 0.6 1.7 1.0 0.6 0.5 0.5 0.5 

1 

0.7 1 
п=6 

-- - -- - - - - - -
1500 120 1500 200 60 10 30 40 15 

N о t е. п is the nurnber of samples; Rk is the total biological accumulation (ratio of average rneasured coocmtnOl85 
elernents to their average soil abundance ). Elernent cornposition of soils: numerator is the ratio of elernent concentratioв i8 
that in soil parent rnaterial; denorninator is the average rneasured elernent concentration, ppm. 
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ТаЫе 2. Chemical composition of soils in Arctic tundra (Yamal Peninsula) 

Organic 
Ntotal P20s К20 СЕС ТАВ 

Soil рНксI РНн,о matter 

% ppm mmol/100 g 

Peat-gley tundra 4.8 5.9 45.2 0.23 63 240 1.5 4.7 

Supra-permafrost gley 5.0 6.6 0.55 0.03 114 225 1.5 0.5 

Podzol 4.9 6.5 1.2 0.04 98 231 1.6 1.2 

Bog-tundra 4.0 5.5 14.5 0.38 80 190 2.8 8.9 

Fen 4.4 5.5 23.2 0.44 33 232 1.2 8.6 

Alluvial 5.2 6.5 3.1 0.17 178 286 2.1 6.9 

N о t е. СЕС is the cation exchange capacity; ТАВ is the total absorbed bases. 

landscape, the Ьiotic component thus being the cru
cial intrinsic factor of its self-regulation and staЬiliza
tion. 

Comparison of peat compositions in different cli
mate zones shows that the tundra soils are depleted in 
many trace elements. Average contents of Zn, Ni, РЬ, 
Cu, and Со in forest peatland are, respectively, 940, 
180, 120, 89, and 45 mg per kg of ash [Dobrodeev, 
1990], which is much higher than in the Yamal peat. 
The trace-element depletion in the tundra peat is due 
to prolonged Ьiological cycles and intense leaching. 
The low intensity Qf Ьiological cycles in tundra land
scapes and the related low self-regulation are respon
siЬle for their vulneraЬility to industrial disturbance 
[Perelman and Kasimov, 1999]. 

Soils in northern West Siberia are deficient in 
many plant nutrients necessary for rapid and efficient 
revegetation in disturbed areas [ Vasilievskaya et а!., 
1986]. Technogenic loads at development sites change 
dramatically the geochemical framework of land
scapes. Specifically, soils at drilling sites are contami
nated with petrochemical products, Ба, Sr, and РЬ 
[Moskovchenko, 1998]. Disturbance to peat topsoil 
reduces the store of organic matter, potassium, and 
nitrogen. Mechanic damage and pollution cause deg
radation or extermination of plant communities, 
while the remediation efficiency depends on the avail
aЬility of mineral nutrients. 

According to agrochemistry data for the Yamal 
soils, zonal tundra peat-gley soil systems are depleted 
in Р and have low cation exchange capacity (СЕС) 
and total absorbed bases (ТАВ). Depleted composi
tions are observed in podzol soils of flat watersheds 
and gley soils in areas of sporadic permafrost. On the 
contrary, soils of intra-zonal systems have high con
centrations of mineral plant nutrients. Alluvial soils 
have highest Р and К enrichment, while peat in bog
tundra and fen soils is the richest in nitrogen (Та
Ые 2). This is vegetation in the overwetted areas that 
shows the highest recovery potential. Revegetation is 
the most rapid in thin peatbogs [ Liverovsky et а!., 

1980] or in fens and water-filled swales [Moskalenko 
and Shur, 1975]. 

Thus, the sustainaЬility of zonal and azonal 
plant-soil systems has different controls that depend 
on the chemical composition of soils. The sustainaЬil
ity of zonal systems, meant as capaЬility of preserving 
their structure, depends on how efficient the vegeta
tion is in the use of material and energy resources. 
This efficiency is expressed quantitatively in high Ьi
ological accumulation of elements in peat. The sus
tainaЬility as an aЬility of rapid recovery after being 
industrially disturbed ("elasticity") is the maximum 
in azonal systems and depends on the contents of 
plant nutrients in soils. 
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PERMAFROST MONITORING AND PREDICТION 

ASSESMENT OF PERMAFROST STABILITY UNDER CONTEMPORARY 
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The contemporary climate trends within the permafrost extent in Russia have been evaluated and mapped 
on the basis of synthesized meteorological data during the period from 1965 to 2010. The reasons of lagging of 
permafrost temperature trends from the trends of mean annual air temperature have been examined. The small
scaled maps of permafrost thermal staЬility under the contemporary climate warming have been worked out. 

The global warming tendency has been evident 
for the past 100-11 О years. The climate patterns since 
1995 have become notaЬly more variaЬle, with fre
quent anomalies. On this background, mean annual 
air temperatures show increasing trends in Arctic re
gions and their immediate surroundings while the 
warming rates in some Subarctic areas are slowing 
down or even locally experience а reversal (Tu
rukhansk, Aldan, Olekminsk) [Melnikov et al., 2007; 
Pavlov, 2008а; Pavlov and Malkova, 2010]. 

The frequency of modern climate anomalies is 
commonly estimated Ьу comparing meteorological 
data over the past decade with the norm, using three 
air warming grades (Лtair): weak (Лtair < 0.7 °С), tem
perate (0.7 °С :$; Лtair :$; 1.0 °С), and strong (Лtair > 
>1 °С) [Pavlov and Malkova, 2005]. 

Inasmuch as mean annual air temperatures for 
the past decade (2000-2010) have been anomalously 
strong in many areas, there are only two warming 
grades (temperate and strong) used in the map of 
Fig. 1. The climate norm (imaging Ьу dint of isolines, 
Fig. 1) varies within the permafrost extent from -2 
to -16 °С. Warming is strong over most of the terri
tory (temperature rise more than 1 °С) while temper
ate climate warming are restricted to local areas in 
the European north, in West and Central Siberia, and 
in the Russian Far East (Primorie). 

In order to highlight regional features of warming 
patterns, one has to calculate mean annual air tem
perature trends for different time limits. The basic map 
of these trends was presented earlier for 1965-2000 
[Pavlov and Ananieva, 2004; Pavlov and Malkova, 
2005]. Having continued the observations till 2010, 
we picked the modern trends and compared them with 
those for the period from 1965 to 2000. The 1965-
2000 mean annual.air temperature trends (Fig. 2) di-

vided into seven grades (see the color code in Fig. 2) 
make up prominent N-S (western Arctic and Subarc
tic areas) and W - Е ( eastern sector) zones. The warm
ing rates are the highest (to 0.08 °C/yr) in southern 
Siberia and the lowest (less than 0.03 °C/yr) in the 
European North and in West and Central Siberia. 

U nlike these, the air temperature trends for 
1965-2010 (isolines at 0.01 °C/yr in Fig. 2) have 
markedly different patterns, namely (1) the orienta
tions of contour lines have changed in а way that no 
W-E or N-S features show up any longer; (2) the 
variations of trend values are generally much lower; 
(3) the minimum trends (0.03 .. .0.04 °C/yr) are con
centrated in the Lena-Olenek interfluve, in the mid
dle reaches of the Yenisei, and in the northern Yamal 
Peninsula; (4) the maximum trends (0.06 °C/yr or 
more) are recorded in southern Siberia, central Yaku
tia, and in the Chukchi Peninsula. 

Taking into account the great climate variabllity 
through the past decade, each following year may Ье 
expected to bring about more correction to the mean 
linear air temperature trends and thus change the 
mapped patterns. 

Permafrost monitoring at the steady-state-sta
tions since the late 1960s shows an increasing trend 
of frozen ground temperatures to follow the climate 
warming [ Skachkov et а!., 2005, 2007; Malkova, 2010]. 
The contemporary mean annual ground temperature 
trends are highly variaЬle over the permafrost extent 
but the warming rates are most often within two 
thirds of the air values. The air temperature trends 
range from 0.02 to 0.07 °C/yr while the range for fro
zen ground is from 0.004 to 0.050 °C/yr. Air warming 
causes the strongest effect on the permafrost temper
ature patterns in the case of staЫe long-term unidi
rectional trends in both air temperature and snow 

Copyright © 2011 G.V. Malkova, A.V. Pavlov, Yu.B. Skachkov, АН rights reserved. 

29 



CJ1 
CJ2 

G. V. MALKOVA ЕТ AL. 

Fig. 1. Variations of mean annual air temperature in northem Russia over the past decade. 
1, 2 - temperature rise relative to climate norm: 1 - strong (Лt.;,> 1°С),2 - temperate (0.7 °С ~ Лt air~ 1.0 'С); З - mean annual 
air temperature is.olines ( climate norm); 4 - weather stations; 5 - southern limits of cryolithozone. 
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Fig. 2. Mean annual air temperature trends in northem Russia. 

/ 

1-7- trend (warmingrate), in °C/ yr, for 1965-2000: 1- less than 0.02; 2 - 0.02-0.03;3 - 0.03-0.04; 4 - 0.04- 0.05;5 - 0.05 - 0.06; 
6 - 0.06-0.07; 7 - more than 0.07; 8 - trend (warming rate), in °C/yr, for 1965- 2010; 9 - reference weather stations; 10 - southern 
limits of cryolithozone. 
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Fig. 3. Мар of thermal stability of frozen ground in cryolithozone of Russia. 
1-3 - extent qf permafrost: 1- continuous, 2 - discontinuous,J - sporadic and patched; 4-6 - thermal stability: 4 - low (Ка.> 0.75), 
5 - medium (0.50 <Ка.~ 0.75), б - high (Ка.~ 0.50); 7 - weather stations and observation sites; 8 - southern limits of cryolithozone; 
9 - Arctic circle. 

thickness [Pavlov, 2008Ь; Pavlov and Malkova, 2010; 
Pavlov et а!., 2010]. 

It is convenient to estimate the stabllity of fro
zen ground and its sensitivity to climate change using 
the dimensionless coefficient ка= atg / ata, which is 
the ratio of mean annual temperature trends of ground 
( a.tg) to that of air ( a.ta) [ Pavlov and Malkova, 2009]. 

The coefficient Ка s 0.50 corresponds to а high 
stabllity of frozen ground (long-term temperature 
changes below 50 %: the ground temperature trends 
are more than twice slower than the air temperature 
ones); the range 0.50 <Ка s 0.75 corresponds to me
dium stabllity (the ground temperature trends are 
slower than the air temperature ones for а factor of 
1.5 or 2); at Ка> 0.75 the permafrost stabllity is low. 

These grades were used to шар the thermal sta
Ьility of upper permafrost (Fig. 3). The greatest part 
of the permafrost zone pertains into the range 
0.50 <Ка s 0.75 corresponding to medium warming 
stabllity, while the areas of high and low stabllity are 
local. 

In spite of rapid recent warming, permafrost in 
southern Yakutia remains highly staЫe, as а result of 
variabllity in snow thickness and а strong control 
from winter freezing patterns and peculiarity of snow 
accumulation [ Skachkov, 2008]. Note that frozen 
ground temperatures in the south of West Siberia and 
in the Russian Far East do not show increasing trends 
synchronous with the air warming. The reason may 

Ье that the permafrost is high-temperature (close to 
О 0С) and much heat coming from the Sun is spent on 
phase change in the ground [ Pavlov and Malkova, 
2009]. However, if staЫe warming continues, frozen 
ground сап thaw all over those areas. Especially vul
neraЬle is permafrost in the Komi RepuЬlic, in the 
middle reaches of the Yenisei, and in the Baikal region 
where it is discontinuous or sporadic and shows rapid 
warming rates. 

Thus, monitoring and small-scale GIS mapping 
of permafrost are efficient tools to study the geocryo
logical consequences of climate warming. The report
ed studies allowed compiling а set of small-scale maps, 
with thermal stabllity division, and estimating the 
responses of permafrost to the contemporary climate 
change. 
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LANDSCAPE INDICATION OF LOCAL PERMAFROST VARIABILITY 
(URENGOY TERRITORY, WEST SIBERIA) 
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The highly variaЬle properties of frozen ground make engineering-geological mapping in the perrnafrost 
zone impossiЬle without cryological rnonitoring. lntegrate rnonitoring of natural and technogenic landscapes 
has been run at test sites in southern forest-tundra and southern tundra (area of Urengoy oil-gas-condensate 
field) Ьу rernote sensing along with surface route and instrurnental (autornated) surveys and GIS mapping. As 
а result, а set of шар rnodels have been obtained that demonstrate obvious relationship between the landscape 
features and the thicknesses of peat and active layer. The studies have revealed а new indicator of the permafrost 
thermal state. 

INTRODUCTION 

Several test sites were set up in northern West 
Siberia in 1974-1976 to monitor space-time varia
tions in properties of frozen ground. Two sites were 
on the left bank of the Pur River, within the Urengoy 
oil-gas-condensate field, one in southern forest-tun
dra (UKPG-5) and the other in southern tundra 
(UKPG-15) [Drozdov et а/., 2010а]. In 2008, the ob
servations at the two sites became complemented 
with thaw depth monitoring on а 100 х 100 m grid, 
with а spacing of 1 О m, as part of the CALM Interna
tional Project (Circumpolar Active Layer Monitor
ing). Exhaustive landscape studies at the CALM sites 
have yielded а set of map models that demonstrate 
obvious relationship between the local landscape fea
tures and the thicknesses of peat and active layer. 

METHODS 

The test sites within the Urengoy oil-gas-con
densate field were created as early as in 1975-1976. 

Permafrost temperature monitoring was performed as 
yearly measurements in 10-12 m deep boreholes; 
since 2008, the monitoring has been continuous due 
to permanent loggers that provide year-round re
cords. Local undisturbed and disturbed ecosystems 
associated with different landscapes within the 
CALM sites have been classified ( at the level of land
scape facies ), investigated in terms of above-surface 
phytomass, and mapped to scale 1:5000 (Fig. 1, А). 
Maps of this kind, based on the landscape-indication 
approach, can Ье used as а basis for estimating local 
variations in the active layer thickness and for map 
modeling [Moskalenko, 1999; Bozhilina and Ukraint
seva, 2010]. 

LANDSCAPE SYSTEMS: 
STRUCTURE AND CRYOТIC PROPERТIES 

The CALM site in southern forest-tundra 
(UKPG -5) is located within fluviolacustrine plain 
IV in the Nadym-Pur subprovince of coastal (marine) 

Copyright © 2011 N .G. Ukraintseva, D.S. Drozdov, К.А. Popov, A.G. Gravis, G. V. Matyshak, All rights reserved. 
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Fig. 1. CALM site in southem forest-tundra (UKPG-5). 
А - landscape map; В - thickness of organic soil horizon; С - active layer thickness (seasoпally thawed or seasonally frozen). 
Landscape facies: 1 - hilly open shrub-moss areas; 2 - sparse larch-lichen forests; 2а - sarne, with sag-and-sweJI microtopography; 
3 - flat-hill cloudberry-sphagnum peatbogs; 4 - polygonal ledum-sphagnum-lichen peatbogs; 4d - sarne, but disturbed areas \Vith 
old ruts; 5 - polygonal dwarf-Ьirch (yernik)-ledum-lichen peatbogs; 6 - humrnocky grass-shrub-rnoss ravines; 7 - ravines with 
shrub-grass-moss Ьirch thickets (yernik) (to 1.0- 1.5 m high). А1, А11 , К1 , К11 are indices of points at CALM sites. 

and fluviolacustrine plains. The plain is composed of 
loam-sand deposits, often overlain with peat. Perma
frost, mostly with high ice contents, is continuous or 
discontinuous and occupies over 80 % of the surface 
area. The landscapes are largely affected Ьу frost 
cracks and thermokarst and аге swampy. 

The dominant landscape facies at the site is wa
tershed peatbog which and larch-lichen open forest 
both shrubby ravines along а creek valley (Fig. 1, А). 
The above-surface phytornass1 measured as air-dry 
weight рег area is 1- 3 kg/ m2 in the peatbog and ex
ceeds 5 kg/ m2 in the larch open forest [ Ukraintseva et 
а!., 2010] . The active layer thickness (seasonally 
thawed layer) is inversely proportional to the total 
thickness of organic soil horizons (Fig. 1, В, С). Un
derneath the larch open forest, the permafrost tаЫе is 
as deep as 4- 8 m, and the ground is seasonally frozen. 

Tl1e CALM site of southern tundra (UKPG-15) 
is located within coastal plain 111 composed mainly of 
loam. The permafrost is ice-rich (total water contents 
60 % in loam and 21- 28 % in sand) and continuous 

from the surface. The site has а uniform facies struc
ture dominated Ьу grass-shrub-moss-lichen tundra 
with а thin organic soil layer; limited dwarf willow 
and Ьirch thickets and sporadic grass-sphagnum bogs 
are restricted to ravines. In the bottoms of large ero
sional landforms, there аге low perennial frost heaves. 
The phytomass is 1.7- 2.3 kg/ m2, or 0.8- 1.2 kg/ m2 

without litter. The active layer thickness is from 80-
90 to 100-115 ст [Ukraintseva etal., 2010]. 

P ERMAFROST MONIТORING RESULTS 

The permafrost temperature over the 1974-
2008 period showed а posit ive trend all over the study 
area [Drozdov et al., 2010а] . Borehole temperature 
logging at the southern forest-tundra site, along with 
geophysical data, indicate permafrost tаЫе deepening 
on the background of steady ground temperature in
crease associated with global warrning t hrough the 
recent decades (Fig. 2) [Shur and] orgenson, 2007; 
Pavlov, 2008; Melnikov et а/" 2009; Romanovsky et al" 
2010] . For instance, the permafrost tаЫе underneath 

1 Phytornass is measured in air-dry weight units per surface area unit (square meter, hectare, etc.). 
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Fig. 2. Time-dependent ground temperature varia
tions at depth of zero annual amplitude ( southern 
forest-tundra). 
1 - borehole 5-01, larch forest; 2 - borehole 5-02, peatbog; З -
borehole 5-05, ravine shrub; 4 - borehole 5-06, slope tundra; 
5 - borehole 5-09, bog edge, peat. 
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Fig. 3. Time-dependent ground temperature varia
tions at depth of zero annual amplitude ( southern 
tundra). 
1 - borehole 15-03, tundra with peat; 2 - borehole 15-06, slope 
alder wood; З - borehole 15-08, moss-lichen tundra; 4 - bore
hole 15-20, moss-lichen tundra; 5 - borehole 15-21, disturbed 
moss-lichen tundra. 
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Fig. 4. Permafrost temperature in watershed 
peatbog (southern forest-tundra). 
Depths: 1 - 3 m; 2 - 5 т; З - 1 О m. 
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the sparse larch forest was at the surface (1.5-2.0 m 
seasonally thawed layer) in the late 1970s but low
ered progressively to depths of 3 m in 1994-
1997, 4.5 m in 2005, and as deep as 8 m in 2009 [Dro
zdov et al., 2010Ь ). Seasonal thawing gave way to 
seasonal freezing, with the frozen layer as thick as 
over 2 m. However, although the permafrost has been 
warming, only few cases of its thawing through the 
entire active layer thickness were recorded instru
mentally [ Drozdov et al., 2010а; Romanovsky et al., 
2010). 

The ground temperature anomalies in the sou -
thern tundra were more prominent than in the forest
tundra. The permafrost temperature increase followed 
air warming though had uneven oscillating patterns. 
In the mid-1990s, the permafrost warmed up notaЬly 
(synchronously with that at the southern forest
tundra site) but then underwent gradual cooling 
till 2004-2005; then there followed another warm 
wave, slightly weaker than the previous one (Fig. 3). 
The permafrost temperature was originally higher 
( -1. 7 ° С in 197 4) than in the surrounding area, 
but the warming trend was markedly lower (less 
than 1 °С) under high (1.5-3.0 m) alder shrubs on 
southern slopes protected from cold, due to the shrub 
buffer [Drozdov et al., 2010а, Ь; Ukraintseva et al., 
2010). 

The general climate trends within the Urengoy 
oil-gas field began to change in the fall of 2009. 
Abrupt cooling in fall time followed Ьу an anomalous
ly cold and low-snow winter (2009/10) led to an up 
0.5 °С decrease in permafrost temperature at the ac
tive layer base in most landscape facies (Figs. 2, 3). 
The temperature drop was still greater in the upper 
section: e.g., 3 and 1.5 °С cooling at subsurface depths 
3 and 5 m, respectively, in а watershed peatbog within 
the southern forest-tundra (Fig. 4). Note that no per
mafrost cooling was observed in the 3 to 8 m thick 
near-surface ground under open forest and shrubs be
cause of the damping effects of phase transitions 
(Fig. 2). 

А NEW INDICATOR OF ТНЕ PERMAFROST 
THERMAL STATE 

А new parameter of large diagnostic importance 
for the state of permafrost and thawing rate has been 
revealed in data inventory from weather stations in 
the vicinity of the test sites within the subzones of 
southern forest-tundra (Novyi Urengoy) and south
ern tundra (Yamburg). This is the duration of time in 
spring and fall when diurnal air temperatures fluctu
ate between positive and negative, which we called 
briefly an "across О 0С" season. This season may Ье as 
long as 1.5 months or more in the Urengoy field, while 
the monthly and ten-day means may remain positive 
or negative, the passage across О 0С being reduced to 



LANDSCAPE INDICATION OF LOGAL PERMAFROST VARIAВILГIY (URENGOY TERRIТORY, WEST SIBERIA) 

30 

20 
~ 
!О 10 
::::1 
~ Q +-~--vн--+-~~~~~---+-~---~~~+-....--,.~~~~~+--"<~~~~---!Н-~~~~~~t-,-,-тt-~~~ 

ф 

~ -10 
ф 

.:; -20 
с: 

б -30 

(5 -40 

VПI IX Х XI XII I П ПI IV V VI VII VIII IX Х XI ХП 1 П Ш IV V VI VII VПI 1Х Х XI ХП I П 111 IV V VI VII VIII 
2007 1 2008 1 2009 1 2010 

Month, year 

Fig. 5. Mean daily air temperatures measured at Novyi Urengoy weather station (southern forest
tundra). 
Gray bars correspoпd to spriпg апd fall across О 0С seasoпs. 

single points ( ends of rnonths or ten-day spans ). 
Meanwhile, the duration of the across О 0С tirne cal
culated frorn air ternperature daily rneans rnay Ье а 
rneaningful indicator of the therrnal state of perrna
frost. For instance, prorninent shortening of this tirne 
in the fall of 2009 (Fig. 5) was accornpanied Ьу nota
Ьle perrnafrost cooling in the following year of 
2010 (Figs. 2- 4). 

CONCLUSIONS 

The rate and depth of perrnafrost thawing in for
est-tundra are largely controlled Ьу diverse vegeta
tion with consideraЬle arnounts of above-surface phy
tornass. As а result, there arises а pattern of alternat
ing zones of deep and shallow perrnafrost tаЫе, the 
active layer being additionally buffered Ьу organic 
soil horizons. 

The soil and vegetation control of the perrnafrost 
temperature and active layer thickness at the south
ern tundra site is rnuch smaller than in the southern 
forest-tundra. 

The duration of the season when mean daily air 
temperatures fluctuate between positive and negative 
rnay Ье of significant diagnostic value as an indicator 
of the thermal perrnafrost state. The latter inference 
requires further support with more observations. 

The study was carried out as part of TSP (Ther
mal State of Perrnafrost) and CALM (Circumpolar 
Active Layer Monitoring) International Projects and 
of research pгograms of the Russian Academy of Sci
ences (RAS) and the RAS Siberian Branch. It was 
additionally supported Ьу grants 08-05-00872 and 
09-05-10030k from the Russian Foundation for Basic 
Research. 
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А novel comblnatorial topological approach is suggested to investigate the structure and properties of 
ice and other ice-like systems. The approach is based on discrete models of molecular interaction, as well as on 
comblnatorial optimization algorithms, and provides а general idea of the energetics and other properties of 
numerous proton configurations with different arrangements of hydrogen atoms (protons) in hydrogen Ьonds. 
The new approach was applied to develop а special crystallographic database of proton configurations for unit 
cells of widespread gas hydrate frameworks. А new type of hidden molecular asymmetry of ice-like systems was 
discovered which is caused Ьу non-invariance of hydrogen-Ьound frameworks with respect to direction changes in 
all H-bonds. The optimal proton configurations of polyhedral water clusters has Ьееn calculated using а specially 
developed max-plus-algebraic method for comblnatorial optimization of quasi-one-dimensional systems. 

The ordinary ice is remarkaЫe for having disor
dered positions of hydrogen atoms (protons). The 
proton positions in hydrogen bonds (H-bonds) make 
up а great number of configurations, and this number 
grows exponentially with the size of the system [Ei
zenberg and Kautsman, 1975]. Yet, the energy and 
other characteristics depend on the specific arrange
ment of protons in H-bonds. Energy difference within 
the set of all possiЬle proton configurations may ex
ceed the ice melting heat. lt is extremely difficult to 
investigate in detail ice properties with regard to the 
proton positions in H-bonds. Note that the complex
ity of an object is defined Ьу the minimum of informa
tion required for its detailed description [ Kolmogorov, 
1965]. 

А novel comЬinatorial topological approach sug
gested Ьу Kirov [2010] to investigate the structure 
and properties of ice and other ice-like systems with а 
tetrahedral coordination of H-bonds is based on dis
crete models of molecular interaction. These approxi
mate models are designed to provide а generalized 
idea of properties that characterize the set of all pro
ton configurations. The discrete models of molecular 
interaction have а clear physical background, and this 
makes the new comЬinatorial topological approach 
advantageous over the more frequently used statisti
cal approach which aims at finding formal correlation 
relationships between the energy ( or other parame
ters) and the set of structural invariants. 

The discrete models of molecular interaction es
timate the energy of а system from the number of pre
ferred structure fragments. The high predictive ca-

Copyright © 2011 М. V. Кirov, All rights reserved. 
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pacity and utility of the models have been validated 
through our collaboration with experts in quantum
chemical modeling (S.S. Xantheas, Pacific Northwest 
National Laboratory, USA). Figure 1 shows for poly
hedral water clusters in the form of gas hydrate cavi
ties and distributions of discrete optimized proton 
configurations [Kirov et al., 2008]. The energy de
tachment of these proton configurations (Ьlack fields 
in Fig. 1) is especially prominent in the plane "energy 
И - total dipole moment D". Additional geometrical 
optimization of proton configurations calculated from 
the discrete models of molecular interaction was per
formed using rigid intermolecular potentials. For cav
ity D, we used also one of the most advanced poten
tials (TTM2-F) that takes into account the inner 
degrees of freedom of molecules (Fig. 1, panel Ь). 
Gray points in the left in this case correspond to the 
configurations that lost their original polyhedral ge
ometry оп optimization. 

The properties of large macroscopic samples of 
ice and other ice-like systems commonly do not mani
fest explicitly their dependence on the structure of the 
proton subsystem because of averaging over all possi
Ьle configurations. However, in simulation with а 
small model cell, the result obviously depends on the 
position of protons in H-bonds, i.e., on the original 
orientation of molecules. It should Ье emphasized that 
this dependence records the real nanostructural het
erogeneity of ice-like systems. А good solution for this 
difficulty, feasiЬle with advanced computing facilities, 
may соте from special proton configuration databases 
which include all possiЬle positions of hydrogen atoms 
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Fig. 1. Distribution of proton configurations at ground (Ыасk) and following (gray) energy levels, for 
polyhedral water clusters in the fonn of gas hydrate cavities. 
Gas hydrate cavities and number of pentagonal and hexagonal faces in polyhedra: а - D(512), Ь - D, TTM2-F, с - Т(51262) , 
d - Н(51264), е - Е(51268). 

(protons), along with the position of oxygens in the 
unit cell. At present, exhaustive databases have been 
developed for most widespread gas hydrate frame
works: TS-IV, HS-III, CS-I, which allows upgrading 
the methods of studying gas hydrates due to regard 
for the structure of the proton subsystem. 

The simplified comЬinatorial topological ap
proach allowed discovering а new type of hidden mo
lecular symmetry in ice-like systems, or more precise
ly an antisymmetry. Changing the directions of all 
H-bonds may Ье tried as an additional antisymmetry 
operation. The discovered symmetry was found out 
to Ье approximate (not exact) because the hydrogen
bonded ice-like systems were not invariant with re
spect to the removal of all H-bonds. The antisymme
try of proton configurations, as well as its relation 
with stabllity, were investigated for а great number of 
ice-like systems (cyclic and polyhedral water clusters 
and various gas hydrate frameworks). The study has 
led to а hypothesis that the supramolecular asymme
try of ice-like systems associated with the approxi
mate antisymmetry сап define а particular type of 
ordering in these systems and Ье the primary cause of 
the origin and stabllity of mirror asymmetry in living 
systems at the molecular level (homochirality of Ьio
polymers ). 

The comblnatorial topological approach was ap
plied in developing а special max-plus algebraic 
method for global comЫnatorial optimization of 
quasi-one-dimensional discrete systems. Max-plus 
algebra is а field in modern mathematics which uses 
the simpler operations of maximization and sum
mation instead of the common arithmetic summation 
and multiplication. With the new optimization meth
od, the classes of energy-lowest proton configurations 
were exactly calculated for polyhedral water clusters 

from а cube to а fullerene, including those in the form 
of cavities of commonest gas hydrates. The new max
plus-algebraic method of comЬinatorial structural 
optimization is easily programmaЫe and can Ье ex
tended to systems of any chemical nature. 

The high efficiency of the approximate comblna
torial topological approach to modeling ice-like sys
tems is due to their complex multilevel molecular 
organization. Different modeling levels correspond to 
specific organization levels. For instance, the model 
of H-bonded networks takes into account the topol
ogy and geometry of the bond framework. The dis
crete models of molecular interaction take an ap
proximate account of the energy preferabllity of the 
proton positions in H-bonds. The approximate anti
symmetry of hydrogen bonding reflects а new virtu
ally unexplored organization level in complex ice-wa
ter systems. Complex multilevel systems of this kind 
are increasingly becoming the focus of modern natu
ral sciences. 
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The results of experiments are presented for heat and mass transfer through water-saturated ceramics with 
an ice inclusion. Temperature gradient dependences of heat and mass fluxes are obtained at different average 
temperatures. PossiЬ!e reasons are suggested to explain the difference of the experimental data from theoretical 
prediction. 

As water-saturated fine-grained soil freezes up, 
water is normally driven toward the freezing front 
and soil moisture increases. Structural changes in 
freezing soil are especially intense in the frozen part, 
where the temperature approaches the freezing point, 
and are accompanied Ьу heat and rnass transfer. Ice 
can rnove relative to soil particles as а consequence of 
regelation thus contributing to heat and rnass trans
fer. This rnotion can Ье induced Ьу different therrno
dynamic forces, such as gradients of pressure, tem
perature, and concentration. 

The behavior of cryosols in а gradient tempera
ture field reveals properties that seern to Ье unexpect
ed. Water in а closed system of а uniform fully satu
rated frozen soil migrates towards lower temperatures 
under а ternperature gradient about the natural one 
[Ershov, 1979]. In an open system, on the contrary, 
the mass flux through а soil sample is in the direction 
of the temperature gradient [ Perf ect and Williams, 
1980]. The reason is that the deformability of soil 
skeleton is crucial in the former case of а closed sys
tem (water content changes being impossiЫe other
wise) but is insignificant in the case of an open system 
while the motion of ice relative to the soil skeleton 
becomes of major importance. 

Both factors should Ье taken into account in 
modeling heat and mass transfer in frozen soil. Fur
thermore, one has to Ьеаг in mind that deformation of 
а soil skeleton is always attendant with motion of ice 
relative to soil particles. 

The ргоЫеm is in finding the general laws of the 
relative motion of solid phases in frozen and freezing 
soils. The sequence of steps in the solution implies 
that the soil skeleton deformation were excluded from 
consideration, e.g., Ьу means of using porous rnateri
als with а stiff matrix. 

In this study we report the results of experiments 
on heat and mass transfer through ceramics with an 
ice inclusion under а temperature gradient and com
pare them with theoretical prediction. 

Figure 1, а shows the main unit of the experi
mental device. The sample is а water-saturated ce
ramic cylinder with а cavity (Fig. 1, Ь). 

Before the experiment, the system was vacuumed 
and filled with distilled water. The experiment was 
run in conditions of an open system at negative tem
peratures and а zero pressure difference at the sarnple 
boundaries. The cavity in the sample center was filled 
with ice. The ceramics at the side of the cavity con
sisted of three rings separated Ьу thin sealant ( 13). 
That is why water transport through the middle of 
the sample was assumed to Ье Ьу regelation. 

The temperature gradient induces water flux in 
the system. The volumetric water flow rate was mea
sured from motion of rneniscus in capillary tubes (7) 
connected to the cell input and output (Fig. 1). For 
heat flux measurements, standard cylinders (3) were 
set tightly against the external bases of brass fins (2); 
heat transfer was through the cylinders to massive 
heat-exchangers maintained at а constant tempera
ture (5). Axial heat flux in the cell was estimated, ac
cording to the Fourier law, from temperatures mea
sured at the bases of cylinders (3). 

А single run took frorn 18 to 36 hours, the time 
during which constant ternperature was maintained 
at the heat exchangers. Water flux through the sam
ple was measured likewise for the same period. 

Ceramics is а phase Ьапiег that prevents ice from 
penetrating into vessels (14) for the temperature 
range 0".-0.05 °С. 

In most runs, root mean square deviation from 
the mean ternperature did not exceed 0.0005 ·с in 
the heat exchangers and 0.005 °С in brass fins. 

The experimental data were compared with the 
theory using specially designed software [ Kolunin, 
2005] applied also to solve the associated proЫems of 
heat in the interior of the main unit and filtration in 
ceramics. The input parameters were the temperature 
of heat exchangers and the pressure in the tubes. The 
software was used to estimate the velocity of ice mov-

Copyright © 2011 V.S. Kolunin, A.V. Kolunin, A.D. Pisarev, АН rights reserved. 
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Fig. 1. Layout of the system for investigating heat and mass transfer in porous solids. 
а - general layout: 1 - sample, 2 - brass fins, 3 - plexiglass cylinders, 4 - copper plates, 5 - brass heat exchangers which thermostatic 
liquid is pumped through, 6 - copper foil screen, 7 - water channels, 8 - measuring ends of difference thermocouples, 9 - foam 
plastic; Ь - measured sample: 10 - cavity (ice), 11 - porous ceramics, 12 - plastic cartridge, 13 - joint of porous ceramic rings, 
14 - water-filled clearance vessels, 15 - rubber sealants. 

ing in the cavity plane, the temperature of the brass 
fins, and the fluxes of heat and rnoisture through the 
sample bases. 

The flux of material through the sample was as
sumed to Ье in the direction of the temperature gradi
ent. The heat and water fluxes depended almost lin
early on the temperature difference (Fig. 2). As the 
mean temperature decreased, other things being 
equal, the fluxes decreased proportionally. Compared 
with theoretical prediction, the experimental points 
are below the calculated ones (Fig. 2, а, Ь ). 
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The regleation movement of ice in the cell cavity 
can produce spatially separated heat sources and 
sinks thus contributing to heat transfer through the 
cells. The effective thermal conductivity of а cell (Л.) 
depending on ice velocity was predicted to Ье 
1.53 W /(m·K) and decreased nearly Ьу а factor of 1.5 
when ice was fixed relative to the ceramics. The aver
age experimental thermal conductivity coefficient 
was 1.26 W /(m·K) (Fig. 2, а), which corresponds to 
an observed ice velocity about 1.7 times lower than 
the predicted one. The theoretical ice velocity may Ье 
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Fig. 2. Heat (а) and water ( Ь) fluxes through sample as а function of temperature difference ЛТ at its base 
surfaces. 
1-З - experimental data at average temperatures -0.02 ·с, -0.03 °С, -0.04 °С, respectively; line is theoretical prediction. 
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higher because it neglects the resistance of unfrozen 
water films between the ice and the ceramics in the 
phase change domain. 

The thermal osmotic coefficient calculated from 
experiment data (Fig. 2, Ь) turned out to Ье 2-3 times 
as low as the predicted value. 

The difference between real and predicted ice ve
loci ties alone cannot account for the disparity be
tween the experiment and the theory. There must Ье 
some channels between the domains of ice melting 
and water freezing that never freeze up and provide 
liquid phase (water) exchange between the bases of 
ice cylinders thus decreasing the moisture flux 
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through the sample and, as а consequence, decreasing 
the thermal osmotic coefficient as well. 
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А single system of equations is suggested to simulate moisture transport responsiЬle for segregated and 
injected ice accumulation and to calculate jointly the respective parameters and deformation in freezing ground. 
The system includes balance equations for heat and mass (water and soil skeleton) at the freezing front. Water 
fluxes for each mechanism are found with additional equations. The model allows predicting deformation pat
terns in surface foundations in the case of segregated ice accumulation and the percentage of mineral component 
in forming frozen structures for the case of injection. For the injection mechanism, there exists а critical water 
flux above which pure ice forms. The predicted parameters of injected ice accumulation agree with the field 
observations of the structure and composition of natural ice deposits, as well as with the results of specially 
designed laboratory experiments. 

INTRODUCTION 

Soil freezing is commonly attendant with redis
tribution of moisture below the freezing front, its ac
cumulation in the frozen zone (in the form of various 
ice bodies which may reach quite Ьig sizes), nonuni
form deformation of freezing soil and loading on engi
neering structures with buried or surface foundations. 
Moisture flow in unfrozen soil which can cause stress 
and heaving may differ in origin, but those responsi
Ьle for segregated and injected ice accumulation are 
considered to Ье most important [Kudryavtsev, 1978]. 
The segregation mechanism is explained in terms of 
surface and capillary forces near the boundary be
tween the frozen and unfrozen portions of freezing 
soil [Beskow, 1947; Miller 1978; Grechischev et а!., 
1980; Gorelik and Kolunin, 2002]. These forces act 
like а pump which drives water upward to the freez
ing front. This mechanism ( and segregated ice accu -
mulation) most often works in very fine-grained soils, 
such as silt-size loamy sand and loam or clay, that 
freeze in open systems bordering open water. Ice ac
cumulation Ьу this mechanism produces stratified ( or 
other) structures where pure ice lenses alternate with 
soil [Ershov, 1979]. Water fluxes, as well as the whole 
segregated ice accumulation process, depend largely 
on temperatures along the fringe of freezing soil, its 
mass transfer and thermophysical properties, and on 
external loading transferred to the base of the grow
ing ice lens. 

An exhaustive theoretical frost heave model was 
suggested Ьу O'Neill and Miller [ 1985], and its sim
pler quasi-stationary analog was discussed in detail in 

Copyright © 2011 J.B. Gorelik, All rights reserved. 

[Gorelik and Kolunin, 2002]. The model can account 
for the basic elements of the migration process (water 
fluxes, ice accumulation parameters, deformation, and 
depth-dependent changes in heaving stress) at the 
level of а laboratory sample. Yet, attempts of applying 
this knowledge to predict the effect on real engineer
ing structures in freezing soil meet serious difficulties. 
For instance, the heaving stress on piles [ Orlov, 1962] 
and surface foundations [ Sazhin et а!" 1984] increases 
with freezing depth according to field evidence but 
decreases in the case of laboratory samples [ Gorelik 
and Kolunin, 2002]. This paradox is due to difference 
in ice lens loading: all load on а laboratory sample is 
transferred to the base of the growing ice lens while 
in real engineering structures it is redistributed fol
lowing the deformation parameters of the freezing 
soil and the unfrozen ground beneath it. 

The origin of injection flux is best understand
aЬle in the case of а closed volume freezing from 
above: а closed system without moisture input from 
outside. The freezing soil is fringed Ьу impermeaЬle 
walls and bottom ( e.g" frozen soil or unfrozen dense 
clay) and consists of water-saturated coarse material 
(sand or debris). Rigid bonding between the freezing 
soil and the water-tight fringe reduces, possiЬly down 
to zero, vertical deformation along the walls. Because 
of the water-ice density difference, this produces high 
pressure (freezing pressure) in the water near the 
walls and а water flux from the freezing front inward 
the unfrozen soil. This flux (injection) is concentrat
ed along the freezing front at the sites which are the 
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farthest from the confining walls and thus can heave 
under the freezing pressure. Zones of this heaving are 
at the same time the zones of excess ice accumulation 
if they are fed through the injection mechanism. The 
freezing soil adjacent to its rigid fringe can Ье called а 
zone of liquid moisture feeding (recharge) of the 
heaving zone. 

Thus, appropriate simulation of the injection 
mechanism requires bearing in mind the deformabll
ity of freezing soil. lnjected ice accumulation basi
cally has no limitation from the soil grain size. Ac
cording to data from large deposits of ground ice, 
most of them are of injection origin [ Baulin et а/., 
1967). Yet, until recently there were no theoretical 
models (nor reports of experimental studies) avail
aЬle in the literature for injected ice accumulation. 

SYSTEM OF EQUATIONS 
IN ТНЕ MODEL AND IТS ANALYSIS 

In [ Gorelik, 2008, 2010) а single approach was 
suggested to solve the ice accumulation proЫem and 
to model the attendant mechanic effects for both 
mechanisms. The approach is based on balance equa
tions at the freezing front, with an additional rela
tionship between the velocities of the freezing soil 
boundaries: 

jh(H) = кр;п1iI, 
(п1 -пи)z1 =-(1-п1 )zs, 

(1) 

(2) 

Pwju(H)=p;пfzs +(рwпи -piпf )2:1, (3) 

z5 -z1 =iI. (4) 

Equations (1), (2), and (3) represent the heat 
balance and the mass balances of soil skeleton and 
water, respectively. The functionjh(H) is the heat 
flux difference between the frozen and unfrozen por
tions of the ground, which depends on the frozen soil 
thickness Н. When the temperature gradient G(Н) 
from the unfrozen zone is specified, the functionjh(Н) 
becomes 

t1 -t 
jь(H)=Лг-ii~-ЛUG(H). (5) 

In ( 1)-(5) Ар Аи, Pw' р;, and к are, respectivel_y, 
the thermal conductivities of frozen and unfrozen so1l, 
water and ice densities, and the heat liberated or con
sumed in the ice-water phase transition; t5 and t1 are 
the temperatures of freezing ( on the ground surface) 
and phase transition (at the freezing front), respec
tively; пи, п1 are the porosities of, respectively, unfro
zen and frozen soil at the freezing front; Z5, z! are the 
positions of the ground surface and the freezшg front 
at а given time;jи(Н) is the water flux from the un
frozen zone toward the freezing front (а function of 
Н). The dotted variaЬles (here and below) are the 
time derivatives. In the applied coordinates, the Oz 
axis is perpendicular to the freezing front and direct
ed upward, and the unfrozen zone is fixed. The ve-
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locities of the boundaries z
5

, z 1 are positive if they 
move upward and negative if they move downward. 

Unlike the model Ьу O'Neill and Miller [ 1985), 
the proЬlem formulation in the suggested approach 
includes а single front: а freezing zone is absent and 
water accumulates at the freezing front. Furthermore, 
we use, for the first time, the mass balance equation 
for the soil skeleton (2) which allows describlng ice 
accumulation in the freezing soil in ter~s of porosity 
(п1). The latter is а continuous function о~ the freez
ing depth, unlike the discrete presentatюn of the 
structure parameters as in [О' Neill апd Miller, 1985) 
which is quite cumbersome. The principal advantage 
of the new approach is the possibllity, hard to effectu
ate otherwise, of formulating and solving proЬlems 
for ice accumulation Ьу both processes jointly with 
nonuniform deformation in freezing soil ( with regard 
to external loading). 

The main proЬlem consists in specifying the wa
ter flux functionj (Н) in (3) as а function of freezing 
depth with regard to the applied load, the freezing 
temperature, and the properties of specific soil. As the 
function has been specified, one arrives at а closed 
system of equations for four time-dependent un
knowns Н, z1, z5, пр _The porosity of fro~en ~oil п! 
( depending parametпcally on Н) character1zes 1се ac
cumulation in the freezing soil and can Ье used to pre
dict the deformation of the latter and other parame
ters of the process. 

The functionju(Н) can Ье either empirical or de
rived theoretically from water flux models. Before 
demonstrating the application of the suggested ap
proach to specific proЬlems, it is pertinent to dwell 
upon some general properties of sy~tem (1)-(4). 

Successive removal of z5 , z 1, Н from t_hese eq~a
tions gives an equation for the frozen s01l poros1ty 
п/Н) as related to heat and water fluxes (jh(Н) a~d 
j (Н), respectively). The function п/Н) expressed via 
the dependence of the fluxes on the freezing depth is 

п1 (Н)= 
nиpwjh(H) (б) 

р 111 пи +р;(1-пи)jh(Н)-кр",р;(1-пи)jи(Н) 

In the absence of water flux Uu(Н) = О), the po
rosity п1 is depthward constant and coinc_ides with 
that of soil frozen in а closed system [ Gorelzk, 2007): 

п1 (Н)= Рwпи const. (7) 
Рwпи +p;(1-nu) 

For the case of segregated ice, the model of 
О' Neill апd Miller [ 1985) implies that the water flux 
j (Н) at any fixed Н cannot exceed the maximum, un
Iike that in the stationary process, and satisfies the 
condition [ Gorelik et а!., 1998] 

Л(Н) = кр111ju(Н). (8) 
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Then, following (6) one obtains п1 = 1, i.e" 
pure ice forms, which is prerequisite to tЬе ice lens 
growth in [O'Neil/ апd Miller, 1985]. Furthermore, 
z1 =0 in this case, according to (2), i.e., the freezing 
front remains fixed relative to the underlying unfro
zen soil while ice accumulation inside the freezing soil 
becomes fully transformed into upward motion (heav
ing) of the surface Z5 • The value п1 = 1 being the limit 
porosity at the maximum water flux, the denominator 
in (6) is always positive and never zeroes at any inter
mediate flux value. 

During injected ice accumulation, the deforma
tion ( and velocity) of the freezing soil surface is zero 
along its rigid fringe <Zs =О). The same happens in 
the ice segregation process at rather high stress on 
the freezing soil. In this case, (2) gives п1 = пи, i.e., all 
excess water formed during segregation is forced 
away from the freezing front. The flow off the freezing 
front is found from (3) with regard to ( 4): 

(9) 

where Лpwi = Pw - Pi· Th~ flux is negative (inward 
the unfrozen soil) since Н >О. Thus, the porosity of 
the forming frozen soil in the case of segregated ice 
accumulation is in the range пи:<::;; п1 :<:;; 1, the lower 
and upper bounds corresponding, respectively, to the 
minimum (9) and maximum (8) fluxes. 

In the case of injected ice accumulation, there is 
no upper constraint for water flux while the lower 
bound corresponds to the value defined Ьу (9). The 
flux of (8) is critical for the injection mechanism. As 
the flux changes from minimum to critical, the poros
ity п1 changes monotonically from пи to 1 ( according 
to (6)), and the respective velocity of the freezing 
front z1 remains negative but decreases monotoni
cally in magnitude from the maximum (at п1 = пи) to 
zero (at п1 = 1). Thereby ice soil forms with different 
relative percentages of ice and soil. When the flux ex
ceeds its critical value, the velocity zf becomes posi
tive, i.e., the freezing front moves off the fixed unfro
zen zone, while the gap between this front and the 
unfrozen soil skeleton becomes filled with water; the 
porosities thereon become п1 = пи = 1 and provide the 
second limit solution to (2). Physically it means that 
in the case of injected ice accumulation, at а super
critical water flux, the ice lens inside the freezing 
layer can grow in the presence of а continuously 
thickening water lens below it (until the water fluxes 
freeze up completely). Thus, the magnitude of water 
flux relative to its critical value should largely control 
the composition and structure of ice formed Ьу the 
injection mechanism. 

EXAMPLES OF MODEL APPLICATION 

As it was shown in [ Gorelik, 2008], the injected 
water flux during freezing of а closed soil volume de-

pends on the surface area ratio between the zones of 
recharge and heaving. Heaving in the freezing soil 
and the attendant pressure are estimated using an ad
ditional mechanic strain equation and the conserva
tion law for а confined water mass. According to the 
calculated freezing front velocity z 1 and horizontal 
porosity (п1) change, the predicted structure of injec
tion-induced frost heaves corresponds to that ob
served in the field [Mackay, 1978]: an ice core encir
cled (in the map view) Ьу ice-rich soil, with high ice 
contents decreasing away from the core; the ice core 
(nothing but the core) lies over а lens of clear water 
which gives an artesian flow when stripped (а sub
pingo water lens). 

Laboratory physical modeling of injected ice ac
cumulation [ Gorelik, 2009] confirms the principal 
theoretical inferences: ( 1) ice soil with high soil per
centages forms at below-critical injection water flux; 
2) pure ice grows as water flux exceeds the critical 
magnitude. Furthermore, injected ice accumulation 
in the conditions of oscillating temperature patterns 
on the freezing soil surface produces rhythmically 
layered ice bodies or ice with sporadic lenses of coarse 
mineral material (Fig. 1 ). 

The calculation procedure for the heaving and 
parameters of segregated ice accumulation was re
ported in [ Gorelik, 2010]. For а surface foundation in 
the form of а flexiЬle round disk with the radius R 
loaded uniformly with the stress cr, one estimates first 
deformation in the freezing soil and the response the 
latter receives from unfrozen foundation soil at any 
fixed Н (Fig. 2). The freezing soil is treated as an elas
tic plate and the underlying unfrozen ground as an 
elastic halfspace. Note that modeling in [ Gorelik, 
2008] showed the principle possiЬility to include the 
rheology of frozen soil if the elastic solution is known. 
The deformation and the response are the functions 
of Н, cr and the distance from the plate center r. De
formation in frozen soil occurs as settlement. The re
sponse is concentrated along the unfrozen-frozen soil 
boundary and, when taken with the opposite sign, de
fines the stress cr R applied to growing ice lenses lo
cated in frozen soil in the immediate vicinity of the 
freezing front. It is noteworthy that for а laboratory 
sample, the stress crR is uniform and coincides with cr 
(the effect from the weight of its frozen portion is 
vanishing). In the model, however, this stress depends 
largely on the mechanic behavior of the frozen soil: if 
the latter is very stiff, crR will Ье independent of cr but 
depend uniquely on its gravitational pressure (which 
is often much less than cr). As а result, the predicted 
parameters of the laboratory sample and the natural 
structure behave in different ways. 

After the stress cr R has been estimated, one can 
find the water flux function ju(Н) which likewise 
depends parametrically on cr and r. This function can 
Ье defined using а special software suggested in 
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Fig. 1. Photograph of experiment results: 
а - injection-fed frozen soil ( deforrnation zone inside recharge zone); Ь - frozen soil in а feeding vessel; с - injection-fed frozen soil 
( deforrnation zone outside recharge zone ); d - injection-fed frozen soil at above-critical water flux; е - rhythrnically layered frozen 
soil at above-critical water flux;f- frozen soil (ice soil) at below-critical water flux. 

[ Gorelik, 2010], which is based on the scheme of 
O'Neill and Miller [ 1985]. The further procedure con
sists in obtaining the ice accumulation correspond
ing to the porosity п1, heaving and total (heaving 
and settlement) deformation in а foundation using 
( 1)-(4) as functions of the initial parameters. Thus, 
all model parameters depend on the freezing depth, 
the plate radius, the applied stress, and the soil prop
erties. These dependences agree well, qualitatively 
and in the order of magnitude, with data of field ex
periments on deformation of surface foundations re-

cr 

! ! ! ! /Plate 

l-2R___.I 

Frozen layer 

t t 
Unfrozen ground 

Fig. 2. Surface foundation. 
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ported in [Sazhin et а!" 1984; Sazhin and Borshchev, 
1987]. 

The model was applied to explain the behavior of 
pipelines in permafrost terrains. It was once suggested 
to reduce the thermal effect from gas pipelines on fro
zen soil and to increase the soil staЬility Ьу means of 
gas cooling. This solution was partly put into practice 
but the result turned out to Ье amЬiguous. There was 
reliaЬle evidence of pipe segments emerging along the 
line even at pipe's negative buoyancy. This effect may 
Ье due to heaving stress from freezing soil on а buried 
structure. The main elements of the procedure of es
timating deformation in freezing soil were applied to 
а buried pipeline with gas cooled to below О 0С 
(Fig. 3). In the cases of Fig. 3, а, Ь, deformation is de
caying and the position of the pipeline staЬilizes in
side the ground. However, the pipeline can Ье forced 
out to the ground surface after several seasonal freez
ing-thawing cycles when а frozen soil connection 
forms in cold seasons between the cold pipeline and 
the frozen soil (Fig. 3, с, d). 

CONCLUSIONS 

The reported examples show that the suggested 
method for modeling ice accumulation jointly with 
related deformation in freezing soil allows explaining 



SIMULAТING !СЕ ACCUMULATION AND DEFORМATIONS ON GROUND FREEZING: А GENERALIZED THEOREТICAL MODEL 

а ь с d 

в1 1 1 в2 
1 1 
1 1 

д,~" 
1· .. ··. ] 2 

Fig. 3. Relative position of а cold pipeline and active layer (010 2 is ground surface): 
а -· an unfrozen site in sporadic permafrost, warm season (А1В 1 , А2В2 - surfaces of unfrozen soil displacement); Ь - same in cold 
season, with disconnected frozen elements; с - same, with an ice-soil connection between pipe and frozen soil; d - а site of continuous 
permafrost, cold season, with an ice-soil connection: 1 - original trench profile; 2 - unfrozen soil; З - frozen soil. 

important features of the processes at different mech
anisms of moisture transport toward the freezing 
front. For the case of segregated ice accumulation, the 
proЬlem to Ье formulated and solved is estimating 
heaving-induced deformation in elements of engi
neering structures. For the injection mechanism, the 
model can predict the amount of mineral component 
in ice-rich soil along the lateral extent of the freezing 
soil. In the latter case, there exists а critical water 
flux, with pure ice forming (in local zones of the freez
ing soil) above this critical value and ice-rich soil 
with high soil percentages forming below it. 

This can provide explanation for the composi
tion and structure of natural ice bodies and for spe
cially designed laboratory experiments. 

The new approach has а number of advantages 
over the existing methods based on discrete ice ac
cumulation models. Further development of the 
method can Ье useful for geotechnical applications 
and analysis of geological processes. 

The study was carried out as part of Basic Re
search Program 13 of the Earth's Science Department 
of the Russian Academy of Sciences. 
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FORMAТION OF SPAТIALLY ORDERED STRUCTURES ВУ WATER DROPS 
IN ATMOSPHERIC CLOUDS 
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lnstitute о/ Eaitlz's Ciyosp!1eгe, Sibeгian Branc/1. of t!ie Russian Acaclemy о/ Sciences, 
РО Ьох 1230, Туитеп, 625000, Russia; sftavlov@ikz.гu 

LаЬогаtо гу measuгements of geometгi c and elect гi ca l pa гam ete гs of spat ially о гdе геd c l1 a гged \11аtег d1·ops 
рго п1рt t l1at SL1 cl1 stгuct L1гes may 1·опn in atmospl1e1·i c clouds and in t'og. The шdегеd stгuctuгes of \va ter d1·ops 
influence t li e suгface tcnsion and s h ea г viscosity о{ clouds. 

The ext r·ateпestri a l space and terrestri al atmo
sphere coп tain а gгeat nшлЬе г of dust paгticles which 
coпstit u te the so-called dusty plasma. At ceгta in coн
ditioн s , dust paгtic l es - like atoms and пюlecul es -
сал fопл ord e гecl structuгes as iл иystal s ог liquids 
[F01t ov et а!. , 2004]. With form ation of t l1ese stгuc 
tuгes , dusty plasma behaves as а лoп-Newtoni a11 liq
нid : fiгst , it does лоt flow at some shear stress belovv 
tЬе cri tical valн e and , secoпd , its s h eaг viscosity de
c гeases as s heaг stress i11c гeases . Accoгdiпg t o labora
toгy m easuгemeпts [ Vorona et а/. , 2007], t he co 11t ri
bution of the orde гed соmроп епt iп to sh ea г viscosit y 
of dllsty pl asma сал reach te 11s of регсел t ог т о ге . 

We [Shavlov and Dzhumandzhi, 2010] l1 ypothe
sized that strн ctшe foгmati oп Ьу chai·ged wateг d юps 
алd ice crystals may Ье possiЬl e also in c l oнd s and iл 
fog, tЬ е st гн ctL1гes bei11g аЫ е to cl1ange the ph ysical 
алd mecЬani c pгopeгties of the atmospheгe. Огd егеd 
structuгes of wateг dгops vve гe obta i ned at J аЬо гаtогу 
co ncli t ions оvе г а l1 eated \vate г s LIГface [Fedorets, 

0.5 mm 

Fig. 1. А plane spatially ordered structure of water 
drops. 

2004]. In t hose expeгiments , \~1ater dгops , seveгal teпs 
of microm eteг iл di amete г, wеге localized iп а s i11gle 
lауег алd vvere hexago 11 ally o r·d eгed гe l a ti ve to one 
anoth eг, ~1 i t l1 а spacing of tvvo to fi ve dгор diam eteгs; 
th e heig l1 t of t l1e l ауе г above the \vateг suгface was 
commeпsuгate v\1it h tЬ е dгор diameter. 

In thi s гespect , give11 tlыt wate г dгops are сара 
Ые of stгuct Lr ге foгmatioн, the objecti\res of оuг study 
vveгe to шеаsuге th eiг chaгges inside а dгор stгLJ ct uгe, 
t o calcul ate suгface teпs i on i 11 tllis st гLJctu ге , апd to 
estimate t he effect tЬ е dгор stгLJ ctuгes тау callse 011 
the pгopeгt i es of atm ospheric c louds алd fog. 

Drop c lL1 ste1·s v\'еге obta iп ed experime11 tally fol 
lovv iпg а ргосеdше simil aг t o опе герогtеd i11 [Fedo
rets, 2004]. See Fig. 1 fo r а typi cal ordered drop st ruc
tuгe, w itЬ its rouпd shape being e v ideпce of sur"face 
teп s io п. Tl1 e geometri c апd eJectri cal paгamete rs of 
the drop c lllsters \vere investigated as а fL1п ction of 
teшperatuгe Т ( Fig. 2) , пame l y t he spaciпg L, t he di
amete г D, t l1 e l1 eigl1 t above t l1 e vvate г sLJrface Н, алd 

L, О , Н , µm 
260 

210 

160 

110 

60 

10 
60 70 80 90 Т, 0С 

Fig. 2. Temperature dependences of the spacing L, 
diameter D, height above the water surface Н, and 
charge Z of water drops. 
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the charge Z (in elementary charge units). The geo
metгic paгam eters were est imated according to tl1e 
nнmЬег of pixels in а video image гecalc u1ated into 
length Lшits, to an error of ±0.5 pixel ог ±2 mi crons. 
Tl1 e heigh t Н was measшed as а half of visiЬle dis
tance between the centeгs of а dгор and its miпor im
age in v-r ateг vievved at an aпgl e close to th e vvateг 
surface tangen t. The drop chaгge Z vvas found from 
t he height гelat ive change ЛН/Н caused Ьу the exteг
nal electric fi e ld Еех between vvater and an e l ectгode 
above t he drop structure, as 

Z= Mg ЛН . 
еЕех Н 

Th e equat io п fог the d ro p chaгge vvas obtained 
assuming e l ectгi c-gгavity equilibгium betvveen t he 
chaгged dгор and the c lыrged \vateг sшface of t he 
same polaгity: 

Mg = Ze(E + Еех) , 

wl1eгe Е is t l1e field prodl!ced Ьу the chaгged wateг SLtг
face (inveгse J y ргорогtiопа l to t he height Е - 1 /Н) ; М 
is t he mass of а dгор ; g· is t J1e gгavitatioп acce leгatioп ; е 
is the uni t chaгge. In this vvay, the chaгge of \\rater drops 
\vas estimated to an error of ± 15 %, while the епог in 
\vate г SLI rface tempeгature \vas ( + 1/ - 1 О) 0 С. 

The paгameteгs showed decгeasing tгends as tl1e 
temperatuгe d ecгeased ( F ig. 2) and , within tlie 60-
100 ° С гапgе we investigated, \vеге гelated as 

D"" 1.26Н, L ""4 .8Н, Z - D4. 

Both v-1ater dгops апd vvateг suгface below tl1em 
vvere posit ively chaгged , t li e charge polarity appaг
ently beiпg defined Ьу t li e fact t hat тоге hyd1·oxide 
than hydгogen ions pass fгom \vateг to vарог d u ring 
e \rapoгat i o п . The c l1aгge Z of а dгор сЬалgеd as а 
function of its di ameteг D тоге rapidly than D2, i. e., 
additioпa ll y to the dгop 's surface агеа, whi c Ь is рго
рогtiолаl to D2, it mнst depeпd on the гаtе of the wa
teг-to-vapoг phase tгansition. 

ТЬе d го р spaciпg L vvas l1ypothesized to Ье t \vice 
t l1e Debye l e пgth (LD) iп vарог: 

L = 2L 0 . 

Iп огd е г to сЬесk tЬе Ьypothes i s , vve calcu lated , 
using the Debye equatioп , t he coпcentration of chaгge 
сапiегs t"or t l1e case of а рl а пе chaгged vvater sнrface, 
апd fонпd the D ebye l eпgth . Fо г the l atteг vve ob
taiпed t lie tЬeoгetical relat ioп s hip L = 2.7 Н, iл vvЬicЬ 
t l1 e factor 2.7 is iп ап oгdeг-of-magпitllde agree 111 e11t 
wit l1 t l1 e factor 4.8 iп t he empirical гe l atioл ship 
L "" 4.8Н. This арреагs to Ье sat is t.actoгy sнpport for 
оuг hypot hesis. The 2LD spaciпg of paгticl es iл dнsty 
plasma was validated ex peгim eпtally [Fortou et al., 
2004] and t heoret ically [ Shaulou and Dzhumandzhi, 
2010]. 

ТЬе L апd l 0 гe l at i oпships wеге used to predict 
w Ь et h e г water drops шау foпn spatially oгdered 

stгн ct u res ( clнsteгs ) i n atmos pl1eгic c l oнds алd iл 
fog. Tl1e calculated theoгetica l coпcentratioл of oг
dered drops сап Ье coшpared \v i tЬ the empirical coп
centration of drops in cloнd s usiпg the Debye lengtl1 
found f1·om the air coпductivity а= 10- 13 Ohm- 1·m- 1 

апd tЬе average ion diffLLsion coeffi c i eлt В = 1 о-8 т 2 / s 
[ Gi·ig·orieu and Meilikhou, 1991] : 

L 0 = ( s0B/ a)05 = 10-3 ш, 

vv h eгe s0 is tЬе electri c constant. 
Th e concentгation of dгops calcнlated as N = 

= (2L 0 ) - 3 = 1.5·108 ш-3 tLLГned ollt to Ье of tЬе sаше 
oгder of magпitlld e as the statistically average coл
centration of wateг drops iп cJouds and fogs, wЬich is 
N = 3·108 т-3 [Mazin and Khigian, 1989]. Tlшs , in
deed , water drops сап form огdегеd stru ctures in 
cloнd s and fogs. 

ТЬе sl!гface t ension of а dгор strllctнгe is given 
Ьу [Shaulou and Dzhumandzhi, 2010] 

2 
a=-e_z 2N. 

24е0 
The dгор c harge Z in c loud s гeac l1 es 103- 106 

[ Gгigmieu and Meilikhou, 1991]. At Z = 104, fo r iв
staпce, а = 10- 11 J / m2. Knowing tl1e sшface teл s ion 
а , опе сал estimate tЬе stability of the dгор strLL ctшe 
sLLГface to sЬ еа г fJow LLs ing t l1 e Ke l viп-H el mholtz 
stabllity cгiteгion 

ри2 2п 
-<-cr 

2 - х ' 

\\r h eгe р = 1 kg/ m3 is tЬе air deпs ity; и= ди l - is the 
дl 

iпterfac ia l \relocity diffeгeпce; ди = 3.10-3 s- 1 is the 
дl 

aveгage gradi ent of tЬе med ium hoгizoпtal velocity 
along t l1 e пormal to t he gгoLLпd sшface; l = 10-3 т is 
t he th i ckп ess of tЬе sшface Jaye r of tЬе dгор stru ctшe 
equal to tЬ е Debye length; х is t l1e chaгacteгist i c l eпgtЬ 
of tl1e iп staЬility zone. 

Tl1 e refrom 5.10- 12 ~ 10- 10;х, vvЬi cЬ fulfi lls at 
х < х0 = 20 m. 

Tl1l1 s, t he sшface of а c lol!d dгор stп1ctL1re сап 
Ье staЫe to sheaг t1ow wЬеп tЬе clol!d size is vvitЬiп а 
fevv tens of 111 ete гs. Iп lагgег clouds, the suгface ac
quiгes а 1·oughness vv itЬ t he chaгacteri st i c size х0 . It 
foll ov-rs from t l1 e above t l1 at stгнctuгe foгmat i o п in 
wate1· drops сап Ье ал important ageпt in the staЬili ty 
of t lie c loнd geometгy. 

ТЬе s l1 eaг viscosity ri of а dгор clusteг сап Ье es
tiшated апd compared with tЬat of аiг usiпg а foплll
la similaг to t he Fгeвkel equatioп [Fabelinsky, 1997] : 

Т] =Сехр( ~,} 
where С - hN; h is the Р1апk constant; Nis the coп ceп
tгation of paгti c l es; И is tl1e viscosity activatioп е п егgу; 
k is t l1 e Boltzmaпn constant; Т is the tempeгatuгe. 
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Shear viscosity v.тas investigated with reference 
to t he dis1ocation mechanism of shear flov-т typical of 
cгystal s. ТЪе activation energy of dislocations in met
al and ion crystals И is kno\vn to Ье 103- 104 times as 
low as t he atomic bond energy Иь. DescгiЬing numeг
ically tЬе viscos ity of а dust crystal witl1 tЬе above 
foгmul a гequires that Uweгe 1500 times \ оwег than 
Иь = Z21iT/ 6 [Shavlov and Dzhumandzhi, 2010]. ТЪ е 
\Т iscosity of а dгор stгuctшe estimated wit \1 tЬе acti
\Тation energy И = Иь/ 1500 was т~ = 10- 23 Pa·s at 
Z = 104, which is mLLch lowe г than the аiг \Т i scos i ty 
10- 5 Pa·s. Ноv-теvе г, already at Z = 105 tl1i s viscosity 
can геасh or even exceed the аiг viscosity. 

Tl1e viscosity increase may lead to а d ecгease in 
convecti \Тe theгmal condнctivity. Fог insta11ce , in 
some co11vectio11 proЫems, t l1 e Ray leigh nL1mbeг 
R = g~Ad3/(xµ) са п cЬaracte гi ze the staЬi li ty of gas 
i11 tЬе gra\Тity fi e ld in the ргеsе11се of а dovvnvvaгd 
tempe гatшe gradient А, v\Тh еге ~ is t l1e tЬeгmal ex
pa11sio11 coef'ficient; х is tЬе gas theгmal diffusi\Тity; ~t 
is t he k iпematic \Тiscosity; d is t l1e characteristic liп
ear size of t he structнre. Viscosity сЬапgеs coпtrol 
tЬе presence (аЬsепсе) of fгее convectioп and the 
heat traпsfer гаtе. 

Tlшs, stГLLctшe formati ол Ьу vva ter d горs i11 ал 
atmospheri c c loud сап chaпge поtаЬlу its l1ydгody
пamics апd heat t raпsfer pattem s. This effect шау Ье 
шоге pгoшinent i п tЬе cloнd s that contaiл ice cгys
tals witl1 their clыrges teпs of tiш es those of \vateг 
drops. 

Кгiоs/ега Zemli, 2011 , vol. XV, No.4 , рр. 48- 50 

The ex isteпce of spatially ordeгed structuгes of 
water drops a11d ice crystals i11 atmospl1e ric cloнds 
and f'ogs, as well as theiг effect 011 шесЬа11iс апd ther
mophys ical propeгti es of clouds арреагs to Ье quite 
realistic. This pl1e11omenon is wогtЬ being stt1died iл 
detail iп teпns of atmospЬeri c pl1ysics, as v\Тe ll as iл 
teпns of Eaгth 's cгyology wl1icl1 is а scie11ce that deals 
with objects co11taiпiпg vvater пеа r or belo\v t he fгeez
ing ( cгystallizatioп) point. 
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Electгocheшical сопоsiоп at t he шeta l-i ce iп te гfacc l1as Ьееп ex ploгed iп l аЬогаtо гу Ьу measш· i пg соррс г 
соггоsiоп гatcs at t l1e fгоп t of \\'ate!' c r·ysta lli zatioп , as "'ell as t l1 e c l ectгode poteп t i a l s of some metals iп \Vateг 
апd iп ice. Tl1e ехрегiшеп tа l data \\~е ге L1 sed to test а 11L1111 ei·ica ll y gгoш1ded 111odel of со ггоs i о п acce l e гat i oп aL 
t l1 e cгysta ll i zat i o п fгопt. 

Desig11 of foш1datioпs with геgагd to pгocesses i 11 
fгozen groll11d is ап iшpoгtant eпgineeri11g isst1 e i11 peг
mafrost areas. Sigпifi cant daшages are i11сштеd уеагlу 
fгom coпosion of engineeгing stru ctшes associated 
vvitl1 electгocЬemical гeactioпs i п vYЬi c li metals loose 
atoms - апd, hence, tliei г mecl1 aпic stгeпgtl1 - at coп
tacts \Vit l1 ice and i ce-гich soi ls. Ассогd i пg to ехрегt 

appraisa \, coпosion of pipelin es laid in permaf1·ost is 
coшmeпsuгate to ог gгeater t \ыл tliat iп tl1e foгest 
steppe zо пе [ Velikotslщ, 2010] , tl10LLgh th e теап aп
nLLal grouпd temperatuгe in t he fопnег is teвs of de
gгees l ovve г t l1 an iп t he latte r'. Tl1e higl1 co 1тosio11 ac
t ivity of'froze11 gгou пd is dlle to t l1 e ргеsевсе of ice алd 
to spec ifi c pЬys icoc l1 e mical pгocesses 011 its s uгface. 

Copyright © 2011 A.V. Shavlov, A.D. Pisarev, А.А. Ryabtseva, All rights reserved. 
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!NTENSIFТCATION OF ELECTROCHEMTCA L PROCESSES АТТНЕ МЕТАL-!СЕ TNTERFACE 

The e lectгocheтical coпosion of metals гesults 
from half-reactions of meta] oxidation at the metal
Jiquid interface Me -7Meг+ +ze- or, тost often, 
fro m the oxyg e n reductio11 11 a H-г eact i o11s 

( _!_02 +н+ +е- -7_!_Н20) where Ме is t he тetal, z 
4 2 

is its oxidation degгee, and е- is the e lectгon. I n the 
absence of oxygen, а few metals \vit h negative elec
t t·ode potential may reduce hydrogen ions instead of 

oxygen redнctioп, nameJy н+ + е- --7 _!_ I-12 . Coггosion 
2 

тау a lso occur Ьу а cheтical гаth е г thaп e l ectгo
cheтical m echaнism: Ме +Ох --7 Мен + Red , \Vhere 
Ох, Red аге the oxidized анd геdнсеd foпns of the 
reactaнts, гespect i ve ly. 

We have explored coпosion at the metal -ice i11-
teгface (wJ1ere ice acts as liqL1id) iп labo гatory Ьу 
тeasuгing copper сопоsiоп гates at tl1e f'гонt of \Vateг 
cгystalli zatioп апd ice тe l ting and t he electгode po
teпtial s of AJ, CL!, Fe, and РЬ in ice. Then, оп th is ba
sis, \Ve tested а teпtat i ve model of the coпosion pгo
cess. 

The expeгiтenta l ргосеdнге consisted in гecoгd
ing electгi ca l co11dL1ctivity vaгi ation s iп а thin meta] 
f'ilm [Shavlov et al., 2006], vvith the basic assш11ptio11 
tlыt тeta l atoms involved in t he геdох гeaction qllit 
the electron tгanspo гt pгocess thL1s d ecгeasing t he 
coпdL1cti vity. Tl1e method a llovved гecordiпg coпo
sio n \vl1i] e it is going 011. We L1sed thi11 сорре г films 
deposited on qllaгtz ог \VO\'eп-glass гei11foгced "''a feгs 
in а VUP-5 theгmal vacL1um еvарогаtог. Th e fi]ms 
]1ad а SL1rface агеа of 0.5 х 2.0 ст , at an e l ectгod e 
spacing of 2 cm, а гes istance aboL1t 10 Q , a11d а tem
peгatuгe coeffici ent of гes i sta n ce aboL1t t hat i11 соррег. 
Tl1 e aveгage tl1ickп ess of t l1 e filтs 'Nas 20 moпoat
omic layeгs (estimated fгom t l1e amoL111t of evapoгat
ed тeta l and the dista11ce to t l1 e vvafel'). Tl1e fi lms 
\Vеге ex posed to аiг fш тоге tЬап 12 hoшs, vvh ereby 
ан oxide lауег foп11 ed on tЬ e i г sнгfасе and the гesis-
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Fig. 1. Measured (1) and predicted ( 2 ) tiтe 
dependences of the surface density (!) of copper 
atoтs involved in the reaction. 

ta11ce staЬilized. Tl1e films t hat wei-e exposed to air 
for а long time wei-e noted to Ье то~-е vL1ln eraЬl e to 
coпosion i11 the following tests . Accoгding to its posi
tion in the гeactivity seгies, соррег can сопоdе 011ly 
Ьу redнctioн of oxygens, the redнction of hydгoge11s 
being theгmodynamically forЬidden. 

А prepai-ed copper film, with а 3- 4 m.ш di-op of 
distilJed water рошеd on its surface, was vacuшned 
iп ан enclosed vo lume. The drop parti ally evaporated 
and froze Lip quickl y Ьу heat loss with vарог. As the 
dгор fгoze нр, the film гesista11ce iвcгeased iпevers 
iЬl y for -2 %, as measured vvith а V7-34A ohтmeter 
to an епоr less than 0.1 %. In some tests, wate r \vas 
f'rozen with а 11itгogen cгyostat but the resistaпce 
cha nge \vas t he11 less prominent , poss iЬly, because 
cooliвg vvas slovver. See Fig. 1 ( cu rve 1) fог ал em
pirical surt·ace deвs i ty time seri es I( t) of the reactant 
соррег atoms since tЬе oпset of cгysta!Ji zatioп (sur
face densit ies \Vere calculated fгош tЬе resistaпces of 
t he Шms). The film thickпess cЬange was -5.10- 10 m, 
or аЬонt опе monoatomic layer. Repeated tests with 
\Vater freez iлg at tЬ е same film surface site gave mоге 
or less tЬе same film tЬickness decrease. Thus, coпo
sion appareвtly developed with sufficient aтounts of 
the iвitial reactaпts, апd нeit]1 er t he latteг воr tl1e re
actioп prod нcts we1·e involved in diffL1sio11 tгапsрогt 
to and from t he 1·eaction fгопt. Corros i oп may Ье coп
st rained Ьу t l1e reaction potential ba rri er it has to 
oveгcome . No corros ion acce leгatioв \'v'as obseгved оп 
ice melting. 

Note that t he irrevers iЬl e condu ctivity decrease 
of t l1e соррег film о п water crystallizat ion vvas поt 
dL1 e to а 11011-chemical process , sн ch as mecЬaпi ca l 
disturbaпce of the film surface Ьу fгict i oп on ice. Tests 
\'v' ith nоЫе metals ( e.g" silver \vl1i ch is si milar to cop
per iв its mechanic propeгti es ) did поt show апу re
s i staвce с lывgе on water cгystallizati o n . 

The measuгed metal electrode poteпtial s in ice 
have impli cations fог t he tЬ eпnodyn amic effic i eпcy 
of а react io11. Diгect poteпtiaJ measuremeпts аге dif-
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Fig. 2. Time dependences of the potential ( И) of 
copper-lead galvanic couple and the temperature 
( Т) of cooler during water freezing. 

49 



А. V. SHAVLO\! ЕТ А/" 

ficlllt becaLtse of hardly геmоvаЫе polari zation of 
e l ectгodes associated \>J ith their passivatioп a11d oveг
pote11 t ial оп ciгcLt it closi11g. Тhегеfоге, the mai11 foc Lt s 
was о п the be h avioг of vo ltage i11 ga lva11ic collples 
foгmed Ьу e lectгodes of diffeгeпt metals a11d а liqllid 
(dist ill ed \Vate г) as the l atteг fl'oze up. Water 'Nas 
cooled dow11 wit l1 а сооlег совпесtеd to а tlow t l1 e г 
mostat. The pote11 tial was meas Ltгed to а 11 епоr of 
±10 mV; the tempeгatшe absolLt te епог \Vas ±1 ° С. 

F i gшe 2 shovvs typ ical voltage авd temperatшe 
time se гi es . Tl1e galvaпic collple co 11sisted of а соррег 
(posit ive) апd а lead (л egati ve) el ectгod es . The po
te11tial diffeгeпce betvvee11 t he e lectгodes iл vvateг \.\ras 
0.17 V. As tЬе electrod es wеге polari zed, t he potent ial 
of th e couple vvas less t l1 a11 that fог t he sta11d aгd elec
tгode poteл ti a l s of 0.47 V. Cooli11g caused almost л о 
voltage сЬавgе. Afteг t l1 e liquid in t l1 e space bet\>Jeeл 
the e l ectгodes fгoz e Ltp as th e сооl е г tempeгat L1гe 
reached - 8 ° С, vo ltage iл cгeased to 0.38 V. Voltage i11 
tЬе ga l vaлi c coLtples Cu - Al, Сн-Fе , алd Fc- Pb be
lыved iп tЬ е same vvay: i п сгеаsеd Ьу а facto г of 1.5-
2 as t l1 e liqнid froze Ltp . Wh e11 ice lllelted, t l1e poten
tials геtнгnеd to the pгevioнs valL1 es fог v\rate г. 

Tl1e obseгvecl fгeez i11 g- гe lated be h av i oг of volt
age iл ga!Yanic coнples iпdicates tЬat tЬе staпda гcl 
electrode poteп t ia l s in c гease at t he \vater ~ ice tгan
siti o11. As а гes нl t, t he геdох reactions in ice, in clнd 
iпg сопоs i оп , а ге шоге t l1 eпnodyп amicall y efficient 
than t hose iп liqнid , t l10L1gl1 the vегу pгocess iп ice 
may Ье slo\v. 

Tl1e ехрегi meпta l data оп сопоs i оп of metals at 
the cгystallizat ioп fгопt \Vas explaiп ed Ьу пoп eqL1ilib
гiш11 accumнlat i o 11 of ice с lыгgе са ггiегs (iоп апd oгi
e11 tat io11 defects ) гepul sed Ьу t l1 e ice [Shavlov and 
Ryabtseva, 2007]. Tl1ese сапiегs тау diffllsc to \>Jard 
tЬе ice- metal i11 teгfa ce vv l1 e гe t hey гecomЬi ne vvit l1 
e n eгgy гe lease. The гe l eased е 11 егgу сап Ье fшtheг 
tгa11sfeпed to t l1 e 1·eacta11ts Ьу теапs of co ll is i oпs and 
L1 sed to ОУегсот е t he гeaction Ьаггiег, \>J l1i cl1 pusl1es 
Ltp t l1 e coпos i on. 

Tl1 e con ceпt гation N of noлequilibгiL1m c h a гge 
caпie 1·s гeqL1iгed to accouп t for the cxpeгim eпta l S LJГ 
face d e пsities of t l1 e г eacta n t сорр е 1 · ato ms 
(! = 2· 10 19 m- 2, f ig. 1) \>Jas calc нl ated as N = I/ L, 
vvheгe L is tl1e diffнsio 11 length. Tl1 e obta in cd va lLJ es 
v\r e гe N = 1025 т -3 (at L = 3.10- 6 111) fог iоп defects 
(Ьуd гоgеп and Ьyclгoxid e i oпs ) a11d N = 1028 т-3 (at 
L = 2.10-9 m) for oгientat i o п defects. T l1e l atte г co 11 -
cent гatio11 is гca l ist ic be i11 g about t l1 e equilibгiL1111 
con ce 11 t гat i o11 of oгie11tat i o п defects i11 vvate г v\rhil e 
the foгllleг valLtc сап n eveг Ье ac l1i eved in pгact ice as 
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it is огdегs of magлitнde in excess of tЬе eqнilibгiulll 
concentгation of protons in water (1020 m-3) . Thu s, 
t he Oiieлtatio п defects аге the most ргоЬаЫе сопо 
siоп ageпts 011 wateг cгystallizatioп . 

We calcнlated tЬе concentrat io11 of o rientatioп 
defects at the crystallizatioп fголt апd t l1 e in tensity 
of theiг гecoll1Ьi11atio11 iп ice ап d iл wate г. At а lovv 
cгystalli zation rate, almost all 11onequilib1·iLJlll defects 
(99.5 %) vveгe found to Ье 1·epulsed Ьу tЬе crysta lliza
tion fгоп t and to гесошЬiпе iп wateг, авd onl y 0.5 % 
гeco lllЬiпed iп ice. At fast c гystalli zation , instead, t l1 e 
пo11eqL1ilibгiшn defects гесошЬinеd lllost ly iп ice fо г 
tЬе lack of ti llle fог гepнls ion. Note tЬ at tЬ е гесошЬi-
11а t i о11 en e гgy iл ice is mн c h 11i g l1 c г tl1aл iл vva te г 
(0.68 agaiлst - 0.03 eV, гespecti ve l y) алd is su fficieп t 
to oveгcome t he coпos io n Ьаггi ег, v\rhi ch is 0.52 eV 
fог соррег. Тhе геfоге, 0 11 е can expect соггоs iоп to Ье 
tl1e most iпteл se at а Ьig l1 cгystalli za tion гаtе. It сал 
exceed the i sot l1e г111al сопоs i оп al геаdу afteг th is гаtе 
becomes fasteг t lia11 10-7 m/ s. 

Ву t he potentia l Ьаггiе г of e l ectmcЬemi cal co1·
гos i o11 vYe mea 11 the e 11 eгgy-co11s L1111i11g foпnatio11 of· 
hydгogc 11 io11s, i.e., t ll e active pa гt i c1es гeq lliгed fо г 
t l1e 1·eaction. We ЬypotЬ es i ze tЬ at l1 ydгogen ioвs шау 
foгm d н riлg d issocia tio11 of \\rate г lllo lecu les at t he ac
c0 Lt11 t of tЬе гeco111Ьi11a t i o11 епегgу of oгi c 11 tatio 11 de
fects . Iп t l1 e case of' cl1 ellli cal co rгosioп , tl1e геасti о п 
Ьаггi ег coпespoпds to t l1e евегgу 1·equiгed fог оУе г
соm i 11g s l1 oгt-d istaпce ге рнlsiоп i n tЬ е гeactaлts . 

The discL1 ssecl шec lian i sm of' coпos i on acceleгa 
t i oл is гаtl1 е г LJПi Yeгsa l. It тау accouпt fог i11 te11sifi 
catio11 of апу гcactioл s i11 fгozen li qLtid v\1l1icl1 are coл
tгoll ed Ьу t l1e capacity of' OYeгco ming t he pote11t ial 
Ьа1тiе г. 111 add it io11 to t he сопоs i оп issues, otheг ap
pli cat io11 s аге im pгovi n g the t ec l111ology of 11011de
stп1ct i Уе lovv-tempeгatшe stoтage of Ьiol og i ca l pгep
aгations апd med icines, 01· food . 
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А NEW CLASS OF WATER DISPERSIONS RESISTANT 
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А пе1v class of· 1vate1· di spe 1·s ioп s l1 as Ьссп obta i п ecl t l1t"OL1gl1 e11capsL1!a t i oп \)у sili ca пa11opa 1·t i c l cs 111itJ1 
po lyviп y l alcohol. Tl1is l'опл is lll O гe staЬl e t l1 a п tl1e pгe11 i oL1 s оп сs aga iп st fгeeze-t l1 a11• cyc les. T l1e пе1v systc п1 s 
а ге adva ntageo L1 s О\fе г d гу 1\fateг iп sta Ьi l i ty апd coпteп ts ol' 1ic1L1i d1vateJ", being si milaг to Ll1 c l atte г i п t l1 c cl egгee 
of. liqL1i cl pl1ase di spe1·s io11. 

Hyd rop l10bic silica пanopaгtic l es сап sta Ьilize 
dispeгse systems coпs isting of f'ine wateг dгops (so
call ed pOv\ld e гed ог dгу v\latc г) [ Sc/1utte and Schmitz, 
1968] . Dгу v\lateг beha,res as pov\ld eг, is fгee-flo,v iпg, 
апd coпta iп s Lip to 98 \\1t.% liqн i d phase. As it Ь аs 
been sl10wn гесеп tl у, gas Ьуdгаtе foгmation v\l it l1 d1·y 
\~i ate r is faster thaп v\li th bu lk \vateг ог cп1 s h ed ice 
[ Wang et а!. , 2008; Carter et al., 2010]. The acce l eгa
t io п of gas l1 yd гate foгmatioп \·\l ith t l1e Ltse of dгу \\1а
tе г sta Ьili zed Ьу hydroph oЬic папора гt i с ] сs is 1·e le
\lant to the tec]1110Jogies of п аtuга] gas traп spo гtat i oп 
and stoгage iп t he hydгate foпn [ Gudmundson et а!. , 
2000; Капе/а et al" 2005; Watanabe et а!. , 2008]. 

Di speгs i oп of v\latcг а п d aqueous so lL1tio11 s iп t ]1e 
ргеsел се of l1ycl гoph0Ьic sil ica пaпoparti cl es тау lead 
to \vater e пcapsL1latio11 [Foiпy et а!. , 2009] . SL1 cl1 sys
tems of encapsL1 lated '"ater а ге of broad ti se i п petro
leu m c l1 e п1i st гy, m e d i c iп e, а пd Ьio tec l111 o l og i es 
[Soloclovnill, 1980]. ТЬе l o\\1 -temperatuгe applications 
1·eqt1ire systc ms staЫ e aga iп st fгeeziпg-th a \v iпg cy
cles. 

Ea гli e 1 · v\le sl10v\1ed [Podenko et а!., 2010] that d1·y 
\vateг sнbj ccted to fгeezing апd t liavving becomcs lay
eгed as \vate1· dгops coalesce v\l ith опе anothcr. Сагtе1 · 
et а!. [20 10] obtaiп ed а "dгу gel" mod i fi cat i o п of' dгу 
vvate г, \\1l1i cl1 is staЬ! e aga iл st wateг pl1ase cl1 a11ge, Ьу 
addiпg gel l a п gш11 (ал aqucous so lL1 tio11 of polysac
cliaгid e) iп stead of v\late г . Note t l1 at t l1i s tec l111iqu e 
гeqL1 iгes l a гge a1110L111 ts of t l1e ро l уте г (20 v\lt.%) and 
пшсЬ е п е гgу fо г pov\id e riпg t l1e l1igЬl y \iiscous gc l. 

We ha"c iп \lest igated t l1e feasiЬil i ty of u siпg 
poly,1i11y] alcohol (PVA) fo1· iп c гeasiпg tJ1e sta Ьility of 
d i speгse systcms cпcaps ll lated Ьу silica налорагt i с l es. 
Tl1 e PVA ро l ут е г \\1as c110sen fо г tЬ е capaЬi li ty of its 
аqнеонs so l llt i oпs to fогл1 h ete гoge11eo L1 s gels as а гe 
sL1l t of fгeez iп g-tlы \\1 i 11g cyc les (uyogels) [Lozinslly, 
1998]. The st гLJ ctшe of tJ1 e obta i п еd d i speгsc systcms 
\Vas ana lyzcd Ьу 111 ea11s of optical шi с гоsсору анd 
р гоtон magпet i c геsовапсе s pectгoscopy оп а NiL1mag 
Mic1'0MR NMR pLi lsed ге lахот еtег, ope гatcd at t l1 e 
геsопансе fгeqlleпcy 20 MHz, f'o llo \viпg t l1 e proce
duгe гeported in [Podenko et al" 2010] . 

Tl1e st lldy iп clud cd cxpeгimeпts ол cli s peгs iлg 
tЬе PVA solL1tion iл t l1.c p1·ese11ce of Ьуd rорЬоЬiс sili 
ca п a п oparti cles (ae гos il R 202). Fог th is ршроsе, а 
mi xt Ltгe of 95 v\lt.% PVA aqLJ eO LJ S so lLJt i o п (State 
Staп cl a гd 10779-78) апd 5 \\lt. % nan ometeг pO\vde г 
aeгos i 1 R 202 was stiпed fo 1· 60 s at а Ы епdег speed of 
18,750 гe"olнtions ре 1· minLJ te; the conceпtгa tioп of 
t Ь е ро l утег v\las 5 \Vt.%. Gel foпnatioп v\las cata lyzed 
\\1it l1 1 \\1t.% Ьогiс acid. T l1 e \l iscosi ty of tЬ е starting 
\vate г gels did лоt excecd 40 mm2 / s. 

ТЬе гes L1l tiлg v\lateг dispeгsioп of PVA (PVA dis
peгs i o n) Ь аd а coп s i ste п cy of paste (ш1 li ke t l1e povv
d eгy dry \vateг v\IC obta iлed at th e sa111 e dispeгsioл 
co ndi t i o п s ). Tl1c PVA d i s peгs i oл l1 ad its deпsity al
most 1.5 t im es l1i g l1 e г t lыл t l1e appa1·ent d e п s i ty of 
dгу \\1аtе г (0.86 agaiп st 0.53 kg/ 1) app гoac l1 iпg tl1e 
deп s i ty of 5 % PVA (0.98 g/ I). ТЬегеfо1·е, tЬ е dispe г
s i o п coл ta iл ecl -84 \101.% PVA solнtion . Accoгding to 
optical micгoscopy (Fig. 1), the di speгse pl1ase of the 
ob tai п ed systeш co 11sistecl of' 111i c roл - s i ze dгops апd 
t l1 e iг aggгegates . 

The gгeate r d e п s i ty of the Р\!А d i s pe 1·s i o п is C\l i
dcл cc of а тоге co111 pact апапgе 111 е п t of dгops iп it 
гe l at i\1 e to dt·y v\late г . Th e геаsо п of t l1 e diffe гeпce 

Fig. 1. Polyvinyl alcolюl (PVA) dispersion. 
а - i11cli viclt.1al pa гt i c l es, Ь - agg1·egates of pa гti c l es . 

Copyright © 2011 L.S. Podenko, N.S. Molokitina, V.V. Shalamov, All rights reserved. 
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Fig. 2. Distribution (А ) of spin-spin relaxation ( Т2 ) 
of PVA dispersion at 32 ° С. 

шау Ье as follovvs. The disperse dгops iп dгу wateг аге 
stabilized Ьу se l f-asseшЬ! iпg l1 ydrophobic silica 
(aerosil) пanopaгt i c l es wЬicl1 pгovide its flo1ЛтaЬility, 
i. e., low apparent deпs ity [Fomy et al. , 2007]. Polyvi-
11yl alcolюl is а high-nюlec LLla г S LLrfacta п t [Lozinsl~y, 
1998] and Ьесошеs adsoгbed оп the Sllrfaces of ae гo
sol paгti c l es thlls pгeveпtiпg theш fгош asseшЬl iпg 
and foпnation of а l aгge spatial пet\>vo гk . As а гes lllt , 
t he polyшer drops Ьесоше sta Ьili zed Ьу particles of 
mu cl1 sшalleг sizes, 1Л1 i1i ch pгovides vегу l1igh conceп
t гat i o п s of· dгops iп t l1 e dispeгse system. 

The obtaiпed PVA dispeгsioп s v\т еге investigated 
iп terms of t h eiг st rL1ctшe апd staЫlity agaiпst fгeez
iпg-tlia\>viпg cycles iп the 1·espective experimeп ts iп а 
liqL1id c гyostat. The tетрегаtше schedLLle \\таs as fol 
lovvs: fiгst the liqL1id was cooled at 0.5 °C/miп fгom 
Т\\, /" = 25 ° С to r,vf" = - 15 ° С ( r,v/" is \·VO гki пg flllid tem
pe гatшe ), апd t h eл heated at t l1 e same гаtе back to 
Т11, 1 = 25 ° С. ТЬе sa 111ples vveгe placed iл test tubes 
10 llllll iп diameter; the sampl e temperatL1гe (Т,т) vvas 
moлitored \\rith а t h eгmocoL1p!e pl aced iп t l1e sаше 
tubes. 

Tl1e data 1Л' е 1·е plotted iп а r ,vf' VS. r Slll t he1·mo
gralll . ТЬе saшples showed а cгysta lli zatio11 peak at 
T

11
,f"- - 12 ° С wlli le coo ling анd а melting peak at 

T,vr > - 0.5 °С while l1eating. Unlike dгу wateг [Porlen
lю et а!., 2010] , the f'гeezi пg-tha\>ving cycles caL1sed 110 
stratification iл PVA dispersio11, i.e., the so lution гe
mai11ed dispeгse а~ег fгeeziпg and th avviл g. 

The stпi ctшe of PVA dispeгs i ons \>vas analyzed 
fi·om tЬеiг patteшs of· spi11-spi11 гelaxati o п tiшes (Т2 ) 
(Fig. 2). The Т2 раttегп, like i11 the case of dгу wateг, 
co nsisted of t hree гe l axation сошропепts (Fig. 2) , 
vvhi cl1 indicates polydi speгse size di stгibutio п of 
dгops . We estiшated t l1 e dгор sizes fгom the рагаше
tегs of Т2 distributioп accoгdi11g to t he tech11iqu e гe
ported i11 [Podenl~o et а/ . , 20 10] . We fщшd ollt tЬat 
-10 µт dгops and/oг their aggloшeгates constitL1ted 
15 % of t he PVA so lu tion, апd t he ot l1 er dгops vve 1·e 
-2 ~tlll. Note t hat t he регсепtаgе of -10 µш dгops 
апd/ог tl1eiг agg l omeгates decгeased about fi,1e-fo ld 
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afteг а fгeezi11g-thawi11g cycle, wl1il e the otheг d1·ops 
grew to 011 ] у -3 µш, i. e., по relat ively large vvater 
dгops have fопл еd. 

Тhегеfоге, the presence of PVA iп а dispeгse sys
teш incгeases its fгeeziп g-t h avving staЬili ty. The 
mechanisш of t hi s stabilizat ioп тау co11sist i п iп 
cгeasi пg шес Ь апiс staЫli ty of iпdi v idL1al dгops as 
t l1 ey develop а ро] ут ег cгyoge l stгLLctшe. 

Tlшs, а п е \>v class of \>vate г d is peгsioпs has been 
obtained thгough encapslllatioп Ьу hydrophoЬi c sili
ca naпopaгt i c l es vvit l1 poly\т in y l alcoЬol. The 11e\>v sys
tems аге adva11tageoL1S оvег dry vvateг being easy to 
obtaiп , hig l1 in liquid \\r ateг pi1ase (84 vo l.%), апd 
staЫe agai11st fгeeziпg апсl tЬaw i11g. Tl1e latteI ргор
егtу allovvs L1si11g PVA dispeгs i ons at sLLbzeгo tempeг
atшes . 

This vvo rk vvas sL1ppoгtecl Ьу gгапt 07-05-00102 
froш tЬе Ru ss ian FoL111dation fог Basic RеsеагсЬ апd 
was caпi ed он t as part of bas ic геsеа гс l1 ргоg гаm 
13.7.4 of' t l1 e RAS Pгesidiшn а п сl as а рагt of iпter
di scipliпaгy pгoj ect 62 oi· t l1 e RAS Siberian ВгапсЬ. 
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ТНЕ RADIAТION НЕАТ BUDGET OF ТНЕ ANTARCТIC AND MARS POLAR REGIONS: 
COMPARAТIVE ANALYSIS 

O.N. Abramenko, 1.А. Komarov, V.S. Isaev 

Lomonosou Moscow State Uniue1:sity, Depmtment of Ceology, 1, Leninskie Со1у, Моsсощ 119991, Russia; 
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Tl1 e time ап d space гadi at i o п !1eat patteгп s liave Ьесп iп11cst i gatecl at fi ve pola1· Aпta1·c Li c sites (Novo laza
гevskaya, Mo l odezJшaya, BelJiп s J1atJ seп , Mi гп у, апd Vostok). Si lll i l а г vaгiabiJity а рреа гs i п clata 1·го п1 М а гs ро l а г 
ice caps. Tl1e геро гtеd compa гat i ve a п a l ys i s all o1vs eyaJt1 atiпg t l1 c coп tгibнtioп s fгот diffeгeп t t l1 c гп10phys i ca l 
сот ропеп ts of the гadiaL i oп l1eat bнdget i11 t l1e Aп la гct i c апd Ма гs l1i g l1 - l ati tнde гeg i oп s. 

Tl1 e study has focused 011 compaгing quant ita
t ive and qualitative pa1·amete гs t l1at гергеsеп t t he 
гadiatioп heat budget in Antarctica and in po]ar Mars. 
Mars is а pl a п et wit J1 а thin atmosphe1·e, а thick cryo
sphere, and репnап епt ice caps at both poles. Оп the 
Eaгth, it is th e Aпtaгcti c that is similar to the Магs 
high-lati tl!Cle гegioп s, especial ly to tl1e noгthe rп сар 
consisting mostly of water ice; s imil aг аге t he s L1гface 
а геаs and t l1 e ice sheet t l1i c kпesses (ТаЬ! е 1) . Tl1 e 
An taгcti c climate is the пюst seve гe (t J1e coldest п at
uгa l temperatшe еvег гecorcl cd о п Ea гth ~1as - 89.2 °С 
at tЬ е Vosto k station) апd t l1e least affected Ьу aп
tЬ ropogeлi c loads. 

We a п a l yzed гесогd s fгom five An taгct i c stat i oпs 
(Novo l aza гevskaya , Molodcz l1 п а уа , Bel 1 i п s li a L1 seл , 
Мiгпу, and \lostok) collected Ьу t l1 e Arctic апd Aпt
a гct i c Resea гch Inst it LL te fго111 t lie sta гt of obseгva 
t i o пs (1958- 1971) throL1gЬ 2008- 2009 (ti l] 1992 at 
Mo lodezhn aya). The stations а ге located оп or п еа г 
t he s ho гe, or iп tЬ е contiл en t iл te 1· i o г ( 011 ice ог vvitl1-
iп Antar·ctic oases). ТЬ е iл vе п tо гу co п s i sted of the 
fo l lo111i ng data: 

( 1) J oпg-ter 111 average so l a г flLL x dшiпg selected 
obsc гvat i oп peгiods (at с] еа г sky, 1vit l1 cloud amoLrп ts 
less t h a п 2, and at Llp to 1 О ); 

(2) stat ist ica ll y pгoccssecl data оп moп t l1l y and 
уеа гl у tota ls of t l1 e гadi at ioп budget compoп eп ts; 

(3) stat ist ica ll y processcd data оп mo п t l1J y алd 
усаг l у tota ls of diгect bcam so l a г r·adi atioп at пог111аl 
iп c id e п cc а пd atmosphe гi c c l ea r· п ess ind ex . 

As ра гt of t l1 e 53гd RLr ss i a п A n taгct i c Expeditioп , 
one ot· us [А Ьгатеп/щ 2009] et up а test stat ioл at 
t l1 e Novol aza гevskaya site, iп t l1 e Schiпnach e г oasis 
locatcd 80 k111 fа г from t li e по rth с гп Antaгct i c coast 
iп t l1 e central Queeп Maud La пd. Tl1 e objective '"'as 
to test t he metlюd fог m eas Lrгiп g t he s llгfacc heat 

bt1dget, to monitor the tempe ratшe, t he t l1 ermal con
du ctivity, and the tЬa1v deptli. Tli e ап11L1 а] tempera
tшe cycles vvere шопitо геd \vith logge гs \vblch \vere 
couгte у of the Faiгbaпks U ni11e гs i ty (Alaska, USA). 
The test statioп \Vas oper·ated witl1 in t l1 e 1 imi ts of the 
CALM pгogiam (Ciгct1mpol aг Active Lауег Moni
toг i п g) IBmwn et al. , 2000] . 

At tЬе statioпs BellinshaLLsen, Novol azarevskaya, 
MoJodezhnaya, Miгny i , а пd Vostok, t l1 e попnа l beam 
so l a г гadiatioп 1vas fгom 33 to 56 % а п d doшiпated 
ovcr ot l1 e г гad iation compoпen ts t lыt va гi ed in t l1e 
fo ll o 1v iпg га пgеs : 6 to 26 % гe fl ected , 3 to 23 % ab
soгbecl , 6 to 32 % scattc гecl , and 9 to 17 % гad iatioп 
оп а lюri zon ta l sL1rfacc (ТаЫ е 2). Tl1c estimated total 
аплuаl l1 eat Ьаlапсе of t l1 c ice su rface \Vas negative, 
fгот -20 to -40 W / 111 2. 

Iп s id e t l1 e domaiп t l1 c гe а ге zo п es \Vit l1 а positive 
Ьа l а п сс, SL1 cl1 as oases, i ce-fгce ridges, а пd statioпaгy 
1vatc г c l cariпgs. In oascs, t l1 e аnпш1 I l1 eat bL1dget is 
110 W / m2. Tl1 e a 11пL1 a l tota ls ot· t he гadi at i oп compo
n c п ts гa ngc as follo\11s: n о пп а l Ьеа rп r·acli at ion fгom 
102 to 830 \V / m2, l10 1 · i zo п ta l гa di at i oп t·гom 48 to 
199 W / m2, scatte гed гadia t ioп fгот 67 to 179 W /ш2 , 
tota l гadiation f1·om 19 to 329 W / 111 2, апd back гadia-

Та Ь 1 с 1. Ice parameters of Antarctic 
апd Martiaп ice caps, compared 

l\ll ax iп1t1111 ! се 

Лгса 
St1 гfасе icc Ll1ick-а геа, kn12 l'О lшлс, 

пess, k111 k111 ~ co п1pos iLioп 

Aпta гc L i c 1.4- 107 4.8 26.7- 106 l-1 20 
Магs Sot1 Lh 3.9- 105 3.7 1.6- 106 н.,о апd 
Polc са р 111osrly со2 
Магs NoгL l1 6.8- 105 2.0 1.4- 106 СО, апd 
Polc са р 111ostly Н20 

Copyright © 2011 O.N. Abraшenko, 1.А. Koшarov, V.S. lsaev, А]\ rights reserved. 

53 



O.N. ABRAMENKO ЕТ AL. 

ТаЫе 2. Radiation heat budget components at different Antarctic sites, compared, W / m2 

Веат гadiation So l a г гad i atioп 
Site Radiation b11dget 

логп~аl 

Vostok - 6.7 344.7 

Novolazaгevskaya 37.2 181.2 

Moloclezlш aya 38.6 144.5 

Miгnyi -8.5 1.48.2 

Belliпs l1auseл 20.2 42.2 

tion froш 65 to 263 W /ш 2 . ТЬе шontbly шeans of 
cliшate paгaшeters at tЬе selected statioпs were: al
bedo 0.2 - 0.9, air шoi sture 48-90 %, \viпd speed 2.9 -

13.4 ш/s. 
ТЬе tiшe апd space pattern s of tЬ е sшf'ace гadia

t ion Ьеаt bL1dget compo11e11ts iн t l1e Mars роlаг re
gioпs \vere i nvestigated usiпg tЬе Global Mars Cli
шate Database produced joiпtly Ьу Laboratoire de 
Meteorologie Dyнaшiqll e dL1 CNRS (LMD, Paris) 
апd AtшospЬeric, Oceanic and Pl aпetary PЬysics, 
Departшeнt of Physic (АОРР, Oxford U nive rsity, 
Oxford , Eпglaпd UK) [The g·lobal Mars Climate Da
tabase]. 

Th e гanges of аппuаl refl ected radiation gener
ally for tЬе Mars Ьigl1 latit lldes аге 414- 750 W / 111 2 

fог tЬе погtЬеш ice сар апd 532 - 840 W /ш 2 fог the 
so lltheш ice сар. ТЬе abso rbed гadi atioн raпges 
are, respectively, 658 to 2016 W /ш2 апd 702 to 
1539 W /ш2 . The radiatioп data fог tЬе nortl1ern and 
soutЬeш polar regioнs \Ner e processed on а space grid 
for tЬе coordiнates 90°, 86.2°, 82.5°, 78.8°, 75° N анd 
S; 135°, 90°, 45°, 0 ° W апd 45°, 90°, 135 °, 180° Е to 
analyze annual cyc]es of tЬе sшface and atmosph eгi c 
iнfrared radiatioп , absoгbed анd refl ected radiatioп, 
анd mеап moпtbly sшface teшperatLtres. Other pa
raшeteгs vvere mean dillгпa] and montЬly tem pera
tшes of tЬе sшface and lower atmosphere ( 5 m above 
the surface) estimated for midnigЬt анd nоон times 
анd wiпter and summer mеан dillrпal variations of 
wind speed. 

ТЬе radiatioн Ьеаt budget componeпts vvere cal
culated with ап eqllation used to process tЬе Eaгtl1 's 
gгol!пd sшface data [Budyko, 1956 ]. Tнrbllleнt Ьеаt 

hoгizontal total backscatteгed 

105.0 147.8 111.8 

67.3 125.0 26.7 

62.8 134.0 50.5 

62.4 135.3 108. 1 

20.7 7.8 45 .2 

traнsfeг was fouпd as tЬе suгface-air tешрегаtше dif
feгence (accoгdiпg to GMCD) multiplied Ьу t ]1e J1eat 
tran sfeг coeffi cient. Th e latter was assum ed to Ье 2-
5 W / ( m2· К) proceediнg from eшpiгical data obtained 
i11 laboгatoгy at pressшes апd tешрегаtшеs typi cal of 
tЬ е Mars lligh Jatitud es [L ebedev and Paelman, 
1973]. The Ьеаt speнt f'or s llЬlimation (aЬlimation) of 
СО2 ог Н20 ice was evalLtated fгош mеап anпl!al val
ues of tЬе pгocess inteпsity obtained нsiпg GMCD. 
Tl1e СО2 апd Н20 ice suЬliшati on heat >vas estimated 
with гegard to its teшperatшe depend eпce [Komamv, 
2003]. Tl1e Ьеаt flнx froш tЬе sшface to tЬе ice was 
calcl!lated as а solut io11 to tЬе tЬerшa l coпdl!ctivity 
differeпtia] equation at the respective bouпdary co11-
ditio11s. Th e models iпc ll!d ed а two -layeг sectioп for 
the нortheш ice сар апd а three-laye1· sectioп fог the 
solltЬeгn сар [Komarov and Isaev, 2010] . 

The compo11e11ts of t he radiat ion heat budget iн 
tЬе EartЬ's Aпtaгctic and Maгs's higЬ latitudes deш
onstrate qualitatively siшil ar patteшs , but tЬere is 
some differeнce iн tЬeir 111ag11itudes. Naшely, back
scattered апd absorbed radiatioп is sligЬtly loweг 011 

Mars tЬап at the Aп tгact i c Novolazarevskaya site 
(ТаЫе 3). Uпlike t he EartЬ, the Mars surface teш
perat ure is dl! e most]y to beam solar Ьеаt ratЬer tЬап 
atшospheric heat traнspoгt. As а result, tЬе teшpera
ture шау Ье locally 272 К while the шеап of tЬе пorth 
ice сар регiрЬегу iп the early suшшer is 235 К 
(Ls = 90°, where Ls is solar latit ude). Geпerally, tЬе 
mеап diuгпal air temperature at 5 m above the Магs 
surface varies throllgh а year froш 143.1 to 249.9 К 
оп tЬе sou therп ice сар апd fгош 147.8 to 230.4 К 011 

the нortheш сар. 

ТаЫе 3. Annual means of heat-radiation budget compoпents at sites 
of Martiaп poles and Antarctic Novolazarevskaya site 

Radiatioп bt1dget co niponeпts , W /ш2 Heat bt1dget со п~ропепts, W /т2 

Site Locatioп Shoгt-1vave solar гad i at i o п Effective Heat loss for Heat flux to Tшbuleпt Albedo l oпg-\vave evapoгatioп 
гocks 11 eat tгaп sfer total гeflected adsшbed гad i at ioп ( s11 Ьliшatioп) 

Novolazarevskaya 11° Е 125.0 26.7 98.3 0.2 61.1 1·10- 3 1.1 34.9 
70° s 

Магs SонtЬ Pole сар 0° Е 60.4 14.5 45.9 0.2 26.9 20.5 0.1 0.7 
82.5° s 

Магs NогtЬ Pole сар 0° Е 57.3 17.2 40.1 0.3 24.1 18.0 0.1 0.5 
82.5° N 
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According to our estiш ates of the perшafгost 
t l1ickness and the Магs cryosphere as а whole, the 
p erшafrost is fгош 1 ООО ш thick at t he equ ator to 
3600- 3750 ш at the polar caps [Komarov and Jsaev, 
2010]. The шеаn t hickness of frozen ground is 2300 ш, 
which is gгeater than the terrestrial шеаn. The total 
ice voluшe in а 2300 kш thick spherical l ауег ( the 
Mars outer гad iu s being 3394 km) is (0 .4 -
2.0)-108 km3, as estiшated Ьу diffeгent autlюrs, which 
is about two oгders of шagnitL1de more than the total 
volume of t he ро lаг ice caps. 
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PERIGLACIAL EFFECTS AS А RECORD OF HISTORIC AND CLIMATE EVENTS 

PERIGLACIAL PHENOMENA IN ТНЕ ALTAI MOUNDS, MONGOLIA 

Е.А. Slagoda, V.P. Melnikov, Yu.N. Garkusha*, O.L. Opokina 
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Mound permafrost is common to the mountains of Altai, Kazakhstan, Mongolia, and China. Natural 
mounds in terrains affected Ьу seasonal and perennial cryogenesis are often hard to tell from manmade burial 
sites. Mounds in northwestern Mongolia have been found out to lie over ice-rich sediments that differ in color 
and structure and over standing Ьlocks, а setting typical of ancient tombs. The culturally undisturbed rocks 
beneath the mounds have lost their natural colors and structures as а consequence of frost heaving and weath
ering. The high ice contents of cryogenically eroded bedrocks, as well as intense frost shattering and sorting of 
debris result from local flooding of the active layer under the mound. The periglacial processes appear to have 
acted for 3000 years after the burial mound had been put up. 

Archaeological sites in cold regions of the Earth 
(Arctic, West and East Siberia, highland Mongolia 
and China) often lie within past or present perma
frost. The international multidisciplinary archaeo
logical expedition of 2006, with permafrost scientists 
in the team, opened а new page in joint studies of the 
Earth's history [Molodin and Parzinger, 2006]. For ar
chaeologists, who search for cultural objects and trac
es of human activity, the natural environment is а 
substrate to act upon while permafrost is а mean of 
conservation and, besides, something that poses prob
lems to excavation. For cryologists, however, perma
frost is an ages-long record of natural and шan-caused 
events that took place during and after the burial. 
The Mongolia-2006joint team faced the challenge of 
identifying whether cryogenic structures in the vicin
ity of mounds were of natural or cultural origin. 

The northern highlands of Mongolia, including 
the southern slope of the Sailyugem Range, belong to 
an area of dry continental climate and to а zone of 
permafrost [Melnikov, 1974] subject to related sea
sonal thawing and frost shattering, heaving, and sort
ing of rock debris. Polygonal patterns with soil wedg
es, flat pentagonal mounds, dome-shaped heaves, 
rings and bands of debris, and standing stones resem
Ьle manmade structures Ьу their geometry. The Sail
yugem Range is known to Ье а place where several 
Bronze and Iroп Age burial sites with flat or uпder
ground graves ( 4-0.1 kyr ВС) were found [ Polosmak, 
2001]. 

Geophysical surveys [Epov et а!., 2006] detected 
an ice lens and geometrical objects similar to burial 
chambers at depth to 2.5 m underneath Ulan-Daba-1 

mound (Fig. 1). The objectives of the project includ
ed looking into the ice formation mechanism and 
checking the hypotheses of natural or manmade ori
gin of geological heterogeneity, bearing in mind that 
there were cases of stepped multiple tombs. 

The mound of the Ulan-Daba Pass is located in 
the right-hand side of the Shetk-Oigor-Gol valley at 
the elevation 2577 m and rests upon an alluvial fan 
overlying the exarated surface of jointed schists. The 
fan (subaerial delta of а side tributary) apparently 
formed after glacier retreat in the second half of the 
Holocene, possiЬly, in а cold and dry climate [Dorofe
nyuk, 2008]. Undisturbed rocks near Ulan-Daba-1 
mound comprise (Fig. 2, trench 1) (i) Ыасk modern 
and brown fossil stony soils, with relic holes of lem
mings and mice; (ii) stratified talus and alluvial red
dish-brown debris with sand and clay matrix and car
bonate or iron-hydroxide coats. The sediments have 
low water contents (7.2-9.7 %). They were deposited 
in а subaerial environment, the deposition being ac
companied Ьу shattering, debris sorting, soil forma
tion, and repeated freezing of the active layer. The 
present active layer in the mound vicinity (southern 
side of а narrow valley) is 1.8- 2.0 m thick and lies 
over permafrost with the water content 9.2 % 
(Fig. 2). 

Prior to the excavations, Ulan-Daba-1 mound 
was а flat hill 15 m in diameter, rising 0.5 m above the 
ground surface, buried under modern soil with tilted 
schist Ыocks exposed at the center. The mound struc
ture consisted of (i) а cover of clean small (under 
0.2 m) plate-like schist реЬЫеs and angular stones; 
(ii) а fence and an armor of clay-cemented round 

Copyright © 2011 Е.А. Slagoda, V.P. Melnikov, Yu.N. Garkusha, 0.L. Opokina, А11 rights reserved. 
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Fig. 1. Excavation at Ulan-Daba-1 mound: 
ф- fragments of dismounted stone annor ( white dash line ); Ф- schist Ыocks, tomb remnants (yellow dash line ); ® - quadrangular 
contour of the false grave under the mound filled with whitish rocks (red dash line). 

boulders; (iii) а bank and large (0.5-1.1 rn) elongate 
Ьlocks which are fragrnents of а stone burial charnber 
at the center. The burial charnber collapsed and the 
depression becarne filled with schist реЬЫеs. The ex
posed tops of the Ыocks looked eroded Ьу wind and 
thaw water while the lower parts were fixed with 
brown debris-bearing loarny sand, debris, and rnodern 
soil. Underneath there were pieces of hurnan bones 
with а 14С age of (2982 + 23) yr ВР (KIA31153) 1. 

The bank in the forrn of а flat hurnrnock was corn
posed of loose debris with thin schist plates. Judging 
Ьу abraded carbonate crusts on the debris, the bank 
was built with the use of reddish soil and rocks picked 
inside the fence. The bank rnaterial showed higher 
water contents (16.5-29.0 %) than the rocks around 
the rnound (Fig. 2). 

Below the arrnor and the bank, there was а rect
angular outcrop of unconsolidated light gray rocks 
including in situ debris and colorless schist plates. 
The rocks had no analogs arnong the local reddish
brown deposits and were encircled with large stand
ing schist Ыocks , which rnade thern looking like а 
filled gгave. The excavation section displayed а rect
angular 1.5-1. 7 rn wide pit that crosscut stratified 

reddish-brown sedirnents and holes of soil-dwelling 
anirnals to а depth of 1.7 rn (Fig. 2). That was the ac
tive layer with а depthward increase in water content 
frorn 5.5 to 15.5 %, containing rnore sand and less 
coarse deposits relative to the surrounding ground 
(Fig. 2). The pit floor was bounded fгorn below Ьу 
frozen coarse rocks. The pit was called а "false grave" 
as no burial was found on the floor. 

Further down the section (to the depth 2 rn) 
there followed coarse frozen ground cornposed of flat 
schist Ьlocks positioned tile-like one upon another 
and cemented with reddish sand and debris-bearing 
loamy sand with thin lens-type and reticulate cryo
structures (water content 16.8 %). Note that tile pat
terns are also typical of cultural structures. 

At the depth 2.0-2.5 rn there appeared the geo
metric objects predicted Ьу geophysical surveys: stan
ding flat schist Ьlocks with their juxtaposed narrow 
sides making up two adjacent angular-oval chambers 
(1.0 х 1.5 m) within the excavated area. The space in
side and between the Ьlocks was filled with ice-bear
ing debris loarn and sand upon а fractured basal layer, 
with water content 30-61 % (Fig. 2). Glassy ice 
formed up to 10 crn thick crusts around the Ьlocks 

1 Dated at Leibniz Laboratory for Radiometric Dating and StaЬle Isotope Research, Christian Albrecht University, Кiel, 
Germany. 

57 



U
1

 
0

0
 

о
 

N
W

 

IA
I 
~
 

G
ra

in
 s

iz
e 

co
m

p
o

si
tio

n
 a

nd
 w

a
te

r c
o

n
te

n
t o

f f
ill

in
g 

E
xc

av
at

ed
 m

o
u

n
d

 
T

re
nc

h 
1 

10
 

50
 

9
0

%
 W

, 
%

 
10

 
50

 
,.L

c
. 

.1
 ..
..

 11
\1

в 
25

. 5 
се

' 
.
.
.
.
 l

 
9

0
%

 W
,%

 
9

.7
 

9
.3

 

5
.5

 
1
"
~

-:
. 

f :-
>'1

1111
1§

 7
.2

 
7

.5
 

8.
8 

1
"
~

.-
: T

A
!ll

lll
§ 

9
.2

 
1

5
.5

 
2

1 
l
~

-:
-:

-т
:-

:-
:1

111
m 

16
.8

 
61

.3
 

m
 

r
.L

L
_

 
~1

 
.
.
.
 
ll
lR

 
3

0
.9

 

о
 

E
xc

av
at

io
n 

o
f U

la
n-

D
ab

a-
1 

m
o

u
n

d
 

5 
10

 

~
1
 
~
2
 

С
Е
]
з
 
~
4
 

1~
 ·:·

, l
 s 

а
 

Ь 

~
9
 
~
1
0
 

l:I
IIJ

 11
 

IS
Z2

j 
12

 
1 

'6
 

l 1
з 

а
 
Ь 

1 
-1

17
 
~
1
8
 
[
Ш
1
9
 

119
.3%

12
0 

1.
А.

 1
21

 

1:::
::::

J 2
s 

ll!
llJ

 26
 
~

27
 
[
Ш
]
2
в
 

Fi
g.

 2
. 

C
ro

ss
 s

ec
ti

on
 o

f U
la

n-
D

ab
a-

1 
m

ou
nd

 a
nd

 a
ll

uv
iu

m
 in

 S
he

tk
-O

ig
or

-G
ol

 v
al

le
y,

 S
ai

ly
ug

em
 R

an
ge

. 

1
5

m
 

so
 

о
 

2 3 m
 

~
6
 

. 
[JI

I2
17

 
IZ
ZJ
в 

. 
а
 

Ь 

Ш
Ш
J

14
 
Е
З
1
s
 
~
1
6
 

c
r
:J

2
2

 
l
~
l
2
з
 
~
2
4
 

N
at

ur
al

 e
nv
ir
on
me
пt
: 

1 
-

m
od

er
n 
Ь\
ас
k 

so
il;

 2
 -

fo
ss

il 
br

ow
n 

so
il;

 З
 

pl
an

t r
oo

ts
 b

ur
ie

d 
in

 s
itu

; 4
 -

bo
ul

de
rs

, Ы
oc
ks
, 

pl
at

es
; 5

 -
ro

ck
 d

eb
ri

s 
an

d 
an

nu
la

r s
tr

uc
tu

re
s;

 6
 -

sa
nd

, g
ra

ve
l;

 
7 

-
sa

nd
y 

lo
am

y 
sa

nd
; 8

-
lo

am
y 

sa
nd

; 
9 

-
sa

nd
y 

lo
am

; 
10

-
be

dr
oc

k 
(s

ch
is

t,
 s

il
ts

to
ne

, s
an

ds
to

ne
);

 1
1

-
so

il 
w

ed
ge

s 
(а
),
 b

ur
ro

w
 h

ol
es

 (
Ь)
; 

12
 -

m
ad

e 
gr

ou
nd

; 
13

 -
hu

m
an

 b
on

es
. 

C
ry

og
en

ic
 f

ea
tu

re
s:

 1
4 

-
fa

ls
e 

gr
av

e,
 z

on
e 

of
 fr

os
t 

w
ea

th
er

in
g;

 1
5 

-
pe

rm
af

ro
st

 b
ou

nd
ar

y;
 1

6
-2

0
 -

cr
yo

st
ru

ct
ur

e:
 1

6 
-

m
as

si
ve

 (
а)
, 

cr
us

t-
li

ke
 (
Ь)

, 
17

 -
le

ns
-t

yp
e,

 1
8 

-
re

ti
cu

la
te

 
(а

),
 b

as
al

 (
Ь)

, 
1

9
-
Ыо
сk
у,
 2

0
-

w
at

er
 c

on
te

nt
 (w

t.
 %

);
 2

1
-

su
rf

ac
e 

si
gn

at
ur

e 
of

 fr
os

t h
ea

vi
ng

; 2
2

-
su

rf
ac

e 
si

gn
at

ur
e 

of
 fr

os
t s

ha
tte

ri
ng

; 2
3

-
su

rf
ac

e 
re

m
na

nt
 p

ol
yg

on
; 2

4
-2

7
-

gr
ai

n 
si

ze
co

m
po

si
ti

on
:2

4 
-

20
.0

-2
.0

 m
m

,2
5 

-
2.

0-
0.

05
 m

m
,2

6
-

0.
05

-
0.

00
5 

m
m

, 2
7

-
le

ss
 t

ha
n 

0.
00

5 
m

m
. N

um
er

al
s 

in
 c

ir
cl

es
m

ar
km

an
m

ad
e 

st
ru

ct
ur

es
 (

m
ou

nd
 e
le
me

nt
s)
:Ф

-
st

on
e 

co
ve

r;
 С
2)

 -
st

on
e 

ar
m

or
; ®

-
de

pr
es

si
on

 m
ad

e 
Ь
у
 c

ol
la

ps
ed

 t
om

b 
st

o
n

es
;@

-
ba

nk
; (

5)
 -

fe
nc

e.
 

~ ~
 

:i
. 

с;
')
 ~ t:j :i

. 
~
 



PERIGLACJAL PHENOMENA IN ТНЕ ALTAI MOUNDS, MONGOLIA 

and enclosed thin layers of the host loam. The ice was 
found out to have nitrate-calcium-sodic major-ele
ment chemistry with high contents of sulfates 
(21 mg/l) and magnesium (14.5 mg/l), and а trace
element composition with V, Ti, Мо, W, В, Se, and Sr 
higher than in snow and ice fields, etc. 2 

The coarse deposits were underlain Ьу а shat
tered surface of schists with eluvium (ice-filled verti
cal cracks more than 0.5 m high and up to 0.05 m 
wide). 

The reported data indicate that the pit and the 
structure underneath the mound were not manmade, 
and the talus and fan deposits did not undergo later 
cultural perturbation. The schist Ыocks collapsed af
ter the tomb had been looted and have survived till 
today making а depression which can retain snow. 
The light-gray rocks of the false grave were deposited 
in а subaerial delta and experienced post-depositional 
frost weathering and heaving in the active layer after 
the burial mound had been put up. 

The water content pattern, high ice percentage, 
and the anomalous chemistry of ice and eluvium im
ply percolation of water enriched in organic and 
bronze particles, as well as local flooding of the active 
layer beneath the mound. The geometric structure of 
standing Ьlocks was produced Ьу sorting and emer
gence during deposition and seasonal and syngenetic 
ground freezing. Snow retention upon the mound 
provided additional moisture supply to the perma
frost surface and the formation of an ice-rich zone in 
alluvial fan deposits and in cryogenic eluvium. 

The structure of the culturally undisturbed and 
naturally altered rocks beneath Ulan-Daba-1 mound 
records the following sequence of events for the past 
12 kyr after the retreat of the Pleistocene ice sheet in 
that part of the Sailyugem Range: 

1. Frost weathering and formation of eluvium in 
the uppermost gray schist; 

2. Burial of eluvium on the side of the Shetk
Oigor-Gol valley under subaerial alluvium of а tribu
tary delta, about 8-4 kyr ВР, at а high stand of mo
raine damlakes. The alluvium deposition was atten
dant with seasonal and syngenetic freezing and 
formation of circular systems of standing stones simi
lar to burial structures in their shapes and sizes; 

3. А stone armor, а bank, and а surface burial 
chamber were built about 3 kyr ВР; the collapse of 
the burial chamber caused snow retention in the de
pression and ensuing local wetting of the active layer 
under Ulan-Daba-1 mound. That event was respon
siЬle for the formation, in the upper permafrost, of 
segregated ice with its chemistry and high content 
unusual for the arid climate of the area; 

4. А discolored local rectangular zone formed for 
the past 3 kyr after the burial as а result of erosion 
and intense frost shattering of original dark deposits. 
Abundant sand particles and а relatively low content 
of silt at the site indicates incomplete frost weather
ing [Konishchev et al., 2005]. 

Therefore, new evidence has been obtained that 
rocks within geometric zones beneath burial mounds 
can loose their natural properties as а result of local 
frost weathering. Thus, till nowadays, the works of 
ancient people influence natural periglacial processes 
and upper permafrost. 

The study was carried out as part of Basic Re
search Programs of the Presidium of the Russian 
Academy of Sciences (20.7) and the RAS Earth Sci
ence Department (11.4). 
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Рг0Ые 111 s of identifying subпia t· i п e регшаfгоst iп t he Ка га Sea slielt· fr·oш se i sшi c-aco t1 st i c data а ге con 
s id eгed. Sei s 111ic -acoн stic шa гke r·s iпdi cate the ргеsеп се of pe г!ll a frost in t l1e sot1tl1easteгп Кага Sca and i п tl1e 
Уашаl shell' to deptl1s of 120 lll. Additioпa ll y, aco trstic репп а fгоst (APF) rп агkегs аге iпfсггеd n саг t ile Sеvег
пауа Zemlya \\' i th iп local seaflooг hig l1 s s uггouпded " ' it\1 100- 120-!ll i s0Ьat l1 . Tl1e exi steпce of peгmafrost at 
gгeater sea depths is 1110st likely ап exceptioп а пd !llay Ье clue to пeotecto пic sнbs id eпce. Th e pe гmafгost exteп t 
iп t l1e Кага Sea l1as Ьееп mapped \vit l1 GIS tool s апd t l1 e гespecti ve data Ьase оп its settiпg l1 as Ьееп developed. 
Tl1e s нblll a гiп c pe rlll afгost tаЫе lies at 5- 60 ш belo\V t l1 e sea flooг. Accoгding to statistical pr·ocess ing of tl1 e 
co ll ected se i s llli c-acoн stic da ta, t l1e sнbЬottom clept l1 to pe г111 afгost is !llOSt ofteп (47 %) in t l1 c га пgс 10-20 111 . 
Gas seeps s [10,v i пg trp as noise in se i sшi c-aco u st i c \vave fi elds a re l1 ypotl1esized to l1 ave а geп et i c 1·e l atioпs l1ip 
\vit\1 s ublllaг i п e perrnafгost. 

INTRODUCTION 

Subшaгine peгmafгost is гетnапt teпestгial peг
mafгost tl1at foгmed d LLгiпg t imes ot· sealevel lovvstaпd 
of th e Last Glacial (20- 18 kуг ВР) and vvas flood ed 
dL11· iпg th e last t ra пsgгession (16- 5 kу г ВР) . The 
flood ed peгmafгost has tha\ved froш above апd fгот 
belovv, апd paгtly sa li11e гocks Ьесап1 е cooled. Th LI S 

s L1 bmaгiпe perma fгost lыs acqнiгed its р геsенt state. 
T l1e extent алd st гuctшe of sL1bmar i п e р епла

fгоst at t he Кага sJ1 elf 1· етаiн u п d e гexp l oгed. Tl1e 
таiп id eas аге based оп п еаг-slюге eпg iп ee гiпg-geo
logica l dгilling data [ Rokos et al" 2001; Rolиs and 
Tamsov, 2007]. 

AltlюLLgh tЬ еге l1 ave Ьеен seveгa l puЬlicatioп s 
оп t l1 e subj ect, tЬ е li mi ts and dept l1 s of s ubmaгiп e 
репл аfгоst l1ave поt been гeliaЬl y coп stгai п еd Jог tЬе 
lack of explicit geologica] ev i d eп ce [Melnikov апс/ 
Spesivtsev, 1995 ]. Fо г this геаsоп , t l1 e pemiafiost ех
tе п t has been most often mapped ргосееd iнg fго 111 
ех рег t appгaisal ,,,\1il e t l1e latter is appli cable to small 
sca le maps 011ly [Ro/щs et al" 2001; Rol~os, Tamsov, 
2007]. 

METHODS 

HigЬ-гesolLJ t i o п se i sшic -acoнst i c 111 et l10ds аге 
co m111 only used fо г cгoss \velJ со гге l аt i о п \v]1е п ex
pJ icit gco logical e vid eп cc is i пsнffic i eп t. ТЬе today's 
advaп ced data acqL1i sit io11 апd pгocessil1g tecЬn i qL1 es 
allovv LLsing seism ic 1·ecoгds as а п i 11d epeпd cп t sошсе 
of geolog ica l i лfo 1· m atioл . V/i tЬ t he se ismic fac ies 

aпalysis , t l1 e seismic \vavefield са п image tl1 e gгош1d 
stгLJ ctuгe to dept l1s 60- 70 m, i11clL1 d i п g peгmafгost 
[Shlezing·eт, 1998; Rokos et al" 2001; Rokos and Taтa
sov, 2007]. А seismi c-aco Ltst ic sectioп is iп th c fiгst 
appгoximatio п eqL1i\1alent to а geologic cгoss sectioп , 
t he гesolvabl e se i sшic seq L1e11 ces а пd sнbseqLJ e п ces 
beiлg co ггe l ated 'Nith geo logic (st ratigгapbl c) L1 11its, 
sucl1 as stгata, ui tes, hoгizoп s, etc. Uлdi stнгbed pat
teгнs of stгat i fi ed sediшeпts iп а seismi c sectioп iпc!i 
cate the а Ьsс п се ot· SLJ Ьтагi п е peгm afгost (Fig. 1, А) . 

Атопg facto гs t liat са п d i stшb tЬе seismic iп1 -
age iп а g i ve п геg iоп tЬ еге а ге иуоgепiс апd post
c гyogeni c effects iл sedim eпts, as ,,,e1J as st гu c
t uгes associated \vit l1 fгее gas. Joiпt ly t l1ey сап pro
dL1ce iп tг icate patteгns difficul t fо г iлteгpгetat i o п 
(Fig. 1, В) . 

As it '''as slюwп fог t l1 e s l1 el Yes of th e Рес h о га 
апd Laptev Seas [ Rekant et al" 2009] , sнЬтагiп с peг
mafгost iп а se is111i c sectioп is d etectaЫe fгот higl1 -
ampli t L1 cle гef] ect i oпs \vblcl1 а гс se i sшic-aco u st i c 
тагkегs of d i st iп ct post -d epos i t ioпa l cl1 aгacteгist i cs 
(Fi g. 1, В) . Tl1 c p eгmafгost tаЫ е commoпly сог гс
sро пd s to а ргоп1iп е п t гe fl ectoг of 110гшаJ pola1·ity 
ca L1 sed Ьу ab 1·L1 pt aco Ltst ic vc locity гi se iп r·гоzеп 
gгo llл cl . 

ТЬе р геsс п се in the sedim e п ts of jнst li tt]c fгсе 
gas pгodL1 ces se ismic iл tегfеге п се eYident as bг i g l1t 
spots ог Ye rtica l bla пkiпg zo п es (Fig. 1, В). These gas 
st ГL1 ctшes а гс calJed gas seeps (GS) алd а ге l1ypoth
esized to liave а parageнetic re l at i oпsblp \Vit ]1 sllbma
riп e peгmafгost [ Rolиs et al" 2001; Rokos and Taгasov, 

Copyrig ht © 2011 Р. V. Rekant, А.А. Vasiliev, All rights reserved. 
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Fig. 1. Fragments of seismic-acoнstic profiles in the Kara Sea: 
А - а typi cal se ismi c image of а secLio 11 fгсс fго111 S L1b111aгiп e pc1·nia f'1·ost; 13 - а ty pi cal seis111ic iп1 agc ot· а геаs \v it]1 SL1bma гi11 e 
репл аf.гоst. 1 - sites of с гуоgепi с sed im eп t defo гпiat i oп аЬо\•е pc rniaf.гost ; 2 - gas seeps t l1 at s lю\v up as ve1·tica l dead zo п es. 

2007] , specifically, to Ье contгol led Ьу taliks [ Rokos et 
al., 2001; Relиnt et al. , 2009]. 

The se i sшic-acoнst ic гesul ts аgгее ;vell ,~r ith гe
gional dгilling data. Most of sho1·eface апd inпег shclf 
logs fгот t he \.vesteгn Уат а l ( e.g., пеаг Саре Кlia-
1·asavey) sho\v fasteг dip of the реплаfгоst tаЫе ( 40 111 

ог тоге) iп а stгaпd betweeп t l1e s l10гelin e an.d the 
-5- 7-111 sea dept ll . А sim il ar patte гn арреагs f"гom 
seism ic-aco LLstic data (Fig. 2). 
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RESULTS 

Pгocessiпg of" тоге than 100,000 km of se i sшic
acoustic pгobles iп total l1 as гevea l ed seve гa l zoпes of 
рго111i11 е п t maгkeгs of acoLLstica lly det"ined реплаfгоst 
(APF), as ;vell as zoпes vv herc SL1 cl1 maгkers аге роог
l у ргопоLшсеd Ьнt аге iпfeпed (Fig. 3). Tl1 e APl:; 
111aгk e rs аге шost ге liаЬ!у cl etectaЫ e witbln а Ьгоаd 
stгaпd iп t l1 e southerп Кага Sea алd iп t l1e westeгп 

в 

п 
4 km 

1 : j 1 Шill 2 ЕЗ-- 3 - - -- - - c=:J4 ~5 
с IV 

Acoustic Permafrost ТаЫе 

Fig. 2. Processed seismic-acoнstic data and drilling resн lts from Саре Kharasavei, compared. 
А - l ocat i oп niap of seismic-acoLJstic а пd clгilli11g pгofiles; В - dгilliпg pгof'i l c I- 11 [Melnilгov anrl Spesi11/sev, 1995\ ; 1 - sa 11d; 2 - silL; 
З - pel itic silt; 4 - с/ау; 5 - pcrmafгos t tаЫе; С - positioп ot· tl1e s ulJ1шнi пе pc1·niafiost tаЫс aloпg p1·of'il c 111 - lV: а f1·agmeпt of а 
30 model cle1·i ved fгоп1 scismi c-acoLJstic data. 
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Fig. 3. Мар of submarine permafrost in the Kara Sea 
based оп seismic-acoustic data. 

Yama] shelf. Th e extent of submaгiп e perшafrost is 
coпtгo ll ed mainl y Ьу t he prese nt sea dept\1 . TJ1e 
gгeatest ннmЬеr of perшafrost markeгs falls vvitl1iн 
the deptl1 raпge 100-120 m. 

Perшafrost is almost abseпt fгom sea depths be
lovv 120 m, except fог а fevv агеаs of steady neotec
toпic s11 bsideпce. 

Of special inteгest аге zones of gas seeps. As онг 
data slюvv, tl1ey occttr most often witl1iл reliaЬly de
tected ог iнfeпed permafrost zoнes. Tl1is is implicit 
evideпce of theiг geпeti c liнkage . Gas seeps may oгig
iпate fгom zones of а deeply bшi ed peгmafгost tаЫе 
at the accotшt of gas гeleased dшiнg peгmafгost deg
гadatioн. 

The perшafrost tаЫе is fгom 5 to 60 ш below t l1e 
sea floor. Accшding to statistical pгocessiнg of t he 
data, t he sнbbottoш deptЬs to peпn afгo st s\10\.v а 
неагlу logпoгmal distгib11tioп, at least iп t he so LttЬ
'vesteгп pat·t of tЬ е Кага Sea a11d i11 tЬе Yamal sl1elf, 
beiпg шost ofteн ( 47 %) iн t he range 10- 20 ш. Statis
tical relatioл s]1ips betvveeл t J1e peлnafгost tаЫе анd 
sea deptЬs sЬow diгect coпelatioн онlу \vЬен tl1e wa
teг is dеерег tЬан 40 ш. Tl1e reaso11 шау Ье iн rapid 
sealevel гise fгom tЬat deptl1 ( 40 ш) to t l1e ргеsелt 
leve1. 
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CONCLUSIONS 

Acoustic markeгs of sнЬmагiл е peгmafгost are 
reliaЬly detectaЫe in tЬ е soнtheasteш Кага Sea анd 
iн t he Уашаl shelf to vvater depth of 120 ш. Tl1ere are 
also iнfeгred APF maгkeгs неаг Severнaya Zemlya 
\vithi11 loca l seaflo or highs нested in агеаs of 100-
120-ш isobaths. The existeнce of peпnafrost at gгеаt
ег sea depths is most likely ан exceptioн анd шау Ье 
dне to пeotectonic s11 bsidence. 

The peгmafгost tаЫе is fгот 5 to 60 m belovv t l1e 
sea f1oor. The sllbbottom depths to peпnafгost shovv а 
lognoгшal distгiblltioн анd а ге most ofteн vvitl1iн 
10- 20 П1 . 

Statistical relatioпsЬips betweeн t l1e permafrost 
tаЫе апd sea depths shovv diгect coпe l at i on онlу 
vvheп the \vateг is но shallower tЬав 40 ш. Tl1e геаsон 
шау Ье iн гapid sealevel гi se fгom t he depth of 40 ш to 
the ргеsенt level. 

Th e peпnafrost extent in the Kara Sea lыs Ьеен 
шарреd vvith GIS tools :.шd the гespective database 
он its coнditi oнs has Ьеен developed. 

Тl1 е ге is apparent ly а paragenetic re l at ioнsЬip 
betweeн gas seeps анd sнbmariнe permafrost, and tJ1e 
markeгs of gas seeps may additioнally indicate deeply 
bшied s11 bmaгin e peгmafгost. 
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COASTAL DYNAMICS OF ТНЕ WESTERN YAMAL 
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* Lomonosov Moscow State University, Department о f Geography, 1, Leninskie Gory, Moscow, 119992, Russia 

Long-term monitoring of coastal dynamics in the Western Yamal, at the Marre-Sale key site has shown а 
me~n ~oas~al retreat at 1.7 m/yr, with the maximum 3.3 m/yr and the minimum 0.5 m/yr. The time-dependent 
vaпatюns ш the retreat rate show cyclic patterns. The change in beach and shoreface elevation in thermal ero
sion coasts reaches 0.7 m and can Ье either positive or negative. First quantitative estimates give 0.3 m maximum 
elevation change of accumulative surfaces. 

INTRODUCTION 

The coastal dynamics in the western Russian 
Arctic has been insufficiently explored. The proЬlem 
is especially topical for the western Yamal coast with 
the initiated development of Kruzenshtern and Kha
rasavey gas-condensate fields and prospected con
struction of related structures for condensed gas pro
cessing and transport. The coastal erosion of the West 
Yamal was monitored in different field campaigns at 
capes Burunnyi, Kharasavey, and Marre-Sale, as well 
as within the Baidaratskaya Guba pipeline traverse 
[Voskresensky and Sovershaev, 1998; Vasiliev et а!., 
2001]. Note that the monitoring was mostly restrict
ed to measuring the retreat rates of the coastal cliff 
edges. 

STUDY AREA AND METHODS 

Integrate studies of coastal dynamics around the 
Marre-Sale weather station are carried out since 1978 
Ьу the Institute of Earth's Cryosphere (Tyumen). The 
coast is composed of Late Pleistocene deposits of 15-
30 m high sea terraces (11and111), with saline marine 
clay at base of the section and sand in the upper part. 
The area belongs to the zone of continuous perma
frost. The mean annual temperature of frozen ground 
ranges from -2.5 to -6.0 °С. 

The monitoring parameters at the site included 
meteorology and marine hydrology, dynamics of per
mafrost conditions, coastal retreat rate (measured 
yearly against fixed benchmarks and Ьу repeated laser 
transit survey of cliff edge and cliff base locations ), 
and shoreface elevation (leveled yearly along а fixed 
coast-orthogonal profile ). 

RESULTS 

dates. Correspondingly, the ice-free period when the 
coast is exposed to hydrodynamic forcing has become 
longer (20 days longer on average for 1970 through 
2010). Note that this increase is attributed to the fall 
season when the coast is strongly eroded Ьу frequent 
storms. 

The monitored sea-wave parameters (height, pe
riod, wavelength, and duration) show no regular in
crease associated with climate warming. Therefore, 
one may expect no steady acceleration of coastal ero
sion, even if warming continues and the period of ac
tive coastal dynamics becomes ever longer. See Fig. 1 
for average annual coastal retreat rates measured over 
4.5 km of the coast. 

The coastal retreat rate at Marre-Sale changes 
periodically rather than increasing since the late 
1970s (Fig. 1). Erosion was most rapid in 1998-1999 
and 2006-2010 but slowest in 1978-1979 and 1999-
2000, the average being 1.7 m/yr. The retreat rate 
does not experience direct climate forcing [ Vasiliev et 
а!., 2006]. The effect of climate is rather implicit, via 
local changes in synoptic conditions, in atmospheric 
pressure and wind (and related fetch). А close rela
tionship between coastal erosion in the Kara Sea and 
the total wind-wave energy was discovered earlier 
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Climate warming in the Arctic since the 1970s is 
accompanied Ьу changes in sea hydrodynamics. Ac
cording to data from the Marre-Sale weather station 
over this period, the spring break-up of the seaice 
cover begins at approximately same dates, except for Fig. 1. Coastal retreat rate at Marre-Sale site. 
natural variations, while freeze-up has moved to later Heavy line is approximation. 

Copyright © 2011 А.А. Vasiliev, R.S. Shirokov, G.E. OЬlogov, I.D. Streletskaya, АН rights reserved. 
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ТаЫе 1. Long-term average coastal erosion rate at West Yamal 

Area Cliff height, Lithology 
Coastal erosion rate, m/ yr 

Reference m шах. min. av. 

Between Skuratov and 8 С\ау with sand 
Burunnyi Capes interbeds 

Burunnyi Саре 14 С\ау 

Kharasavey Саре 10-25 Clay with sand 
interbeds, sand 

Beluzhii Саре to40 Sand 
Marre-Sale Саре 10-30 Sand over loam 

Southwestern coast of 10-25 Sand over loam 
Baidaratskaya Guba Gulf 6-10 Sand, peat 

[ Vasiliev et а!., 2006] and confirmed through recent 
observations. Coastal retreat data from the West 
Yamal obtained Ьу different authors are synthesized 
in ТаЫе 1. 

There has been very little research of beach and 
shoreface elevation changes. Yearly elevation moni
toring has been carried out at Marre-Sale since 2006 
to а sea depth of 1.5 m Ьу repeated leveling in early 
September, the heights (depths) being tied to а fixed 
elevation reference (Fig. 2). The datum is the water
line position at the time of measurements in 2006. 
The maximum beach elevation change (0.5 m) was 
observed in 2006-2007. In the shoreface, especially 
near the shore, the respective maximum was 0.6 m. 
Note that elevation change in the shoreface ( at least 
close to the beach) can Ье either positive or negative. 
The sea-floor was eroded and subsided in 2006-2009, 
but it uplifted Ьу aggradation in 2009-2010 after 
long storms. 

The maximum beach elevation change as а con
sequence of brief post-storm events at Marre-Sale 
was estimated proceeding from geological conditions. 
Drilling stripped а 0.05-0.1 m thick реЬЫе marker 
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Fig. 2. Shoreface elevation change at Maпe-Sale 
site. 
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-

2.5 
4.5 
-

3.0 
2.3 
1.0 
-

1.8 
3.3 
0.9 
0.7 

- 0.8 [Voskresensky and Sovershaev, 1998) 

0.6 1.2 [ Vasiliev et al., 2006) 
0.4 - [Solomatin, 1992] 
- 2,0 [ Kamalov et al., 2002] 

0.5 1.4 [ Vasiliev et al., 2006] 
0.51 1.3 [ Yuriev, 2009] 
0.5 - [ Voskresensky and Sovershaev,' 1998] 
- 1.8 [Troitsky and Kulakov, 1976) 

1.0 1.6 [Shuretal., 1984) 
0.5 1.7 [ Vasilieu et al., 2001) 
0.05 0.4-0.5 [Duhikov, 1997) 
0.3 -

bed lying under 0.6 m thick sand and over an inclined 
surface of dense heavy clay with signature of erosion. 
РеЬЫе layers normally form during maximum storm 
wave cutting and реЬЫе deposition. Thus, the magni
tude of wave-induced elevation change is measured as 
the total sand and реЬЫе thickness, i.e., 0.7 m. This 
estimate roughly corresponds to that obtained during 
studies along the pipeline traverse of the Baidarats
kaya Guba Gulf (0.5-0.7 m). 

The maximum sea-floor change on offshore beach 
was about 2 m [Duhikov, 1997]. These are approxima
te reference estimates for the whole West Yamal area. 

An elevation change in low accumulative surfa
ces was observed at the Marre-Sale Koshki site where 
about 0.3 m of sand was deposited Ьу long storms in 
2010. The sand deposits have fully covered the earlier 
landforms and made а large sand field in place of the 
laida. Thus, the aggradation rate was 0.3 m/ yr. This 
appears to Ье the only quantitative estimate of eleva
tion change in marine aggradation surfaces. 

CONCLUSIONS 

• Long-term average coastal retreat rate has been 
monitored and estimated to reach 1. 7 m/yr at the 
Marre-Sale site. The slowest rate of 0.5 m/yr was 
measured at the site of the Baidaratskaya Guba gas 
pipeline traverse. 

• The maximum beach elevation change is 0.7 m; 
that of shoreface can Ье either positive or negative 
and is generally 0.6 m in magnitude, but can reach 
2.0 m along offshore beach. 

• The maximum elevation change observed in ac
cumulative surfaces is 0.3 m. 

The study was carried out as part of Program 20 
("World Ocean") of the RAS Presidium, Project 
"Permafrost of Arctic Seas and Continental Margin 
in Western Eurasia: Present State, Dynamics, Geo
cryological History, Transformation of Frozen and 
Cooled Grounds, and Hydrocarbon Emanation." 
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COASTAL EROSION AS А DESTABILIZING FACTOR 
OF CARBONATE BALANCE IN ТНЕ EAST SIBERIAN ARCTIC SEAS 

S.O. Razumov, M.N. Grigoriev 

Melnikov Permafrost lnstitute, Siberian Branch of the Russian Academy of Sciences, 
36, Merzlotnaya str., Yakutsk, 677010, Russia; razum55@mail.ru 

The carbonate balance in the Arctic seas of East Siberia is in reciprocal relationship with climate change 
and destructive coastal dynamics. Thermal and wave erosion of permafrost coast associated with global warming 
destabllizes the marine СО2 - carbonate system Ьу increasing dramatically the partial pressure of СО2 in coastal 
waters to 800-900 ppm and facilitating its release into air. The ongoing warming and growing activity of coastal 
processes сап reduce the abllity of the eastern Arctic seas for СО2 uptake. 

INTRODUCТION 

Arctic seas are important regulators of atmo
spheric carbon dioxide in the Northern Hemisphere. 
In the summer season they may Ъе expected to act as 
sinks of excess СО2 , but there is evidence [ Razumov, 
2003; Pipko et al., 2005] that the surface waters are 
oversaturated with СО2 which evades into the atmo
sphere in some areas of Arctic seas. The potential of 
seawater for СО2 uptake from the atmosphere de
pends on the relative percentages of components in 
the СО2 - carbonate system, or the carbonate bal
ance. This balance in coastal-shelf waters is subject to 
the influence of climate-controlled erosion processes 
in the permafrost coast. 

EFFECT OF COASTAL EROSION 
ON ТНЕ CARBONATE BALANCE 

OF COASTAL-SHELF WATERS IN ARCТIC SEAS 

The uptake of atmospheric СО2 Ьу the eastern 
Arctic seas and increasing fluxes of organic carbon 
and carbonates (dissolved or solid) affect the seawa-

ter carbonate balance. In the East Siberian seas, the 
rapidly retreating coast with high contents of ground 
ice is the main source of terrigenous input to the shelf. 
Coastal erosion (mainly Ьу thermal processes and 
waves) supplies about 4-106 tons of organic carbon 
into the Laptev and East Siberian seas, which is more 
than in all other Arctic seas [ Gri.goriev et al., 2006]. 
А part of carbon dioxide that is absorbed from the air 
and released in organic carbon oxidation is spent on 
dissolving calcium carbonate, whereby seawater be
comes more alkalic. The water alkalinity in the East 
Siberian Sea did not change much from the 1920s to 
the early 1950s but it grew Ьу the early 1990s (Ьу 
0.21 mg·equivalent/liter on average and Ьу 0.25-
0.40 mg·equivalent/liter in the southern sea part). 

Carbon dioxide сап either evade from seawater 
or invade into it at specific weather conditions in the 
ice-free season with moderate winds and calm spells. 
For instance, СаСО3 saturation west of the Kolyma 
Delta is within 0.77 while the СО2 partia] pressure is 
from 89 to 164 ppm [Razumov, 2003] . This pressure 
being almost 2-4 times as low as the atmospheric 

Copyright © 2011 S.0. Razumov, M.N. Grigoriev, All rights reserved. 
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Fig. 1. Ice-rich coastal cliffs of Arctic seas: 
а - Bo l s lю i Lyak hovsky Tsland, Ь - Aпabar-O l e n e k coast, 
с - l'vltюstak l1 ls laпd , с/ - Bykovsky Peпi11s t1l a. 

mеап of l1igh l at itшl es, опе сап expect iпvasion of 
сагЬоп d ioxide. Iн tЬе Kolyma Delta, however, тоге 
СО2 is ratheг гe l eased thaп absoгbed as its paгtial 
pressuгe in seavvateг гeaches 300 to 600 ppm, possiЬly, 
due to intense oxidation of o r·gaпic сагЬоn caгried Ьу 
the гive r. 

Thermal and wave егоsiоп of permafl'ost coast is 
respoп siЬl e fог s i gп ifi cant vaг i at i o пs of pЬys i cochem
ica l parameters and , as а coпseqLJ eнce, iпterferes \vitl1 
the СО? - caгbonate balance i п t l1e coastal zопе . The 
rate o(coastal e rosion iн tЬе easteш Aгctic seas 
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Fig. 2. Variations iп mean rate of coastal retreat in 
the Laptev ( 1) and East Siberian (2) seas in zones 
of rapid thermal erosion. 
З - е гоs i о п гates aveгagecl О\'е г t\vo seas. Iпset sl10\vs а typi cal 
coastal expos LJГe of ice coinplex, Sl1i r·okosta п Реп i п s tr la. 
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c h aнges in space апd t ime depeпdiпg оп summeг аiг 
temperat LrГes and ice coпditioпs , as vvell as оп гес L1Г -
1·еnсе анd dшatioн of sto гrn s. Егоs i оп slo\ved dowп 
dшiпg гe lat i ve cooliпg betvveeп the 1950s апd еаг l у 
1970s iп t l1e RLLssiaп еаstегп Aгctic, ап d tЬ е coast of 
t he Laptev апd East Sibeгiaп seas гetгeated at а mеан 
rate of 2- 6 m/уг [Are, 1985 ]. The coast of t he two 
seas consists maiпly of s il t-s ize loamy saпd анd saпdy 
lоаш vvitЬ tl1 ick ice wedges Ltp to 7- 8 m \vide, thc to
ta l ice co o te пt of so il г cac hiпg 30 to 90 vol. % 
(Fig. 1). 

Relati\1e c lirпate \\ia гrniпg tl1гol1gh tЬе past fo гty 
уеагs iпcгeased the dшation of i ce- fгee seasoнs i п t l1e 
еаstегн Aгctic, the sшface агеа of орел wate г, алd t l1 e 
fгeqLJ ency of stoгшs . Tl1 e mеан sLLmme г аiг tempera
tuгe гоsе 1.3- 1.5 °С above tЬе climate погm , t l1 e 
sto1·m гес l\ пе п се iпc гeased Ьу 3- 4 %, апd tЬе tota l 
dLrгatioп of active vvave dyпaшics оо t l1 e peгmafгost 
coast gгew, ол ave!'age , fгom 58 to 100 hг/у г. T l1e 
coastal ret гeat iп zoнes of r·apid егоs iоп iп the Laptev 
апd East Sibe гian seas accele1·ated to 4- 8 ш/уг оп av
erage гeach iпg loca ll y as high as 12 m/ yr (Fi g. 2) , 
vvith tЬ е maximum егоs i оп rate 17- 25 rn/yг [Razu
mov, 2000; Gi·igm·iev and Zhang, 2008]. As t l1e ice-ric l1 
coast is be iпg rapidl y e гod ed , oxidation of orga пi c 
сагЬол т·i ses dгamati call y t l1 e paгtial ргеssше of саr
Ьоп dioxide iп sea ,vate г ( to 800- 900 ppm) апd fac ili
tates its гe l ease iнto а iг (Fig. 3) [Razumov, 2003; 
Pipko et al" 2005]. . 

TЬus, са r·Ьоп dioxide is гeleased fгот tl1e coasta l 
zопе of tЬ е East Sibeгia п Sea Ьеt\\1ееп the Ne\v Sibe
r· iaн islaпd s апd t l1e Chauп Вау, iп commoп шeteoгo 
logical coлditioпs , апd is absoгbed Ьу wateг iп t he 
еаstегл sea рагt . The release g1·ows vvitl1 iпcгeas i п g 
tЬ eгmal егоs i оп анd occL1гs even offs lюгe as fa1· as t he 
De Long Strait. Active th e пnal егоs i оп of шаiпl а пd 
апd islands i п the soL1tl1 easteш Laptev Sea гes L1lt 111 

prevaleпt гe l ease of С02 . 
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Fig. 3. СО2 partial pressure in coastal-shelf waters 
of Arctic seas of East Siberia in the conditions of 
common ice-free season ( curve 1) and erosion of 
ice-rich coast ( curve 2). 
Das l1 ed liп e is ргеsепt atm ospl1 eгi c СО2 . 



COASTAL EROSION AS А DESTAВILIZING E4CTOR ОР CARBONATE BALANCE IN ТНЕ EAST SIBERIAN АRСПС SEAS 

EFFECT OF DESTABILIZED CARBONATE 
BALANCE ON REGIONAL CLIMATE 

Warming in the Arctic decreases t he magnitude 
of tl1e partial СО2 pressure grad ient between vvater 
апd air (Fig. 4) due to greate г activity of processes 
destroying t he peпn afrost coast. Organic carbon, 
whi ch was form erly stored in permafrost, comes into 
t he sea. Thi s геdн сеs t he capacity of Arctic seas fог 
tak ing нр carbon dioxide, and the wateг-air gradient 
of СО2 partial pressure becomes prone to reversa l, i. 
е., t he release becomes more рrоЬаЫе than the uptake 
(Fig. 4). The гel ease of СО2 , in tнгn , vvould deu ease 
its paгtial p1·essнre in \vateг and increase the СаСО3 
peгcentage on dissociation of Ьicarbonates. Thereby 
the system may Ье expected to recover its eqt1ilibrium 
with atmospl1e1·ic СО2 and, possiЬly, гeturn to inva
sion of сагЬоn dioxide (Fig. 5). 

However, t hi s does not happen fог t he shoгtage 
of solid carbonates in t he easteгn Arctic seas. Th eiг 
dissolution consнmes а relatively small part of СО2 
\vh ich is гeleased into t he wateг on oxidation of ог
gанiс сагЬоn provided Ьу coasta l erosion. Its gгeater 
part becomes gaseous tlшs increasing t he paгtial pгes
su гe . This destaЬilizes t he caгbonate balance in t he 
coastal-shelf waters along the zones of гapid coastal 
1·etгeat . 

As the wateг tempeгature гises, tl1e solнЬility of 
сагЬон dioxid e decгeases \vhile its partial pгessure 
gгov.rs and thнs favors t he evas io п. In t l1e easteгn Aгc
t ic seas, this regнl aгity woгks in wateг \vith а salinity 
оvе г 20 %о Ьнt is less pгonoнnced iн t he shelf vv heгe 
salinity is be!ovv 13 %о (Fig. 6). Theгefore, the car
bo11ate balance i11 coastal vvateгs тау shift to lovver 
СО2 partial pгess L1res Ьн t higher СаСО3 анd рН 
(Fig. 5), possiЬly, Ьесанsе t Ь е aggressive рагt of free 
СО2 is spent on di ssolu t ion of solid ca1·bonates 
bгought from t he maiлland . The system responds to 
t his shift Ьу СО2 i11vasio11 despite tЬе гe l ati ve l y high 
wateг tempeгatшe . 

Thus, destaЬilizatio11 of tЬ е СО? - caгbonate 
system of tЬе Arctic seas is attendant witЬ release of 
carbo11 dioxide авd the e 11s нing accнmнlation of cal
ciнm caгbonate. ТЬе нptake of atmospheгi c СО2 , and 
diss0Jнtio11 of caгbo11ates as its co11seque11ce, гefl ect 
t he staЫe state of tЬе СО2 - caгbonate system of ЬоtЬ 
seas. The climate, the dyпamics of destru ctive pro
cesses in t he permafrost coast, and t he carbonate bal
ance i11 t he easteгn Aгctic seas а 1·е in гесiргоса l гela
tio11ship . ТЬе loss of equilibгiнm iп the СО2 - са г 
Ьопаtе system pusl1es нр the otherwise caused climate 
cha11ge i11 the Aictic. 

T his шау Ье explai11ed as follows. The thernюdy
пamic mod el of t he a1111ual ocean-aiг cycle [Kag-an et 
а!., 1986] predicts tЬ at doнЬliпg of atшospheric СО2 
(fгom 280 to 560 ppm) should ca L1 se а 1.4 °С vvaпning 
of t he mean a1111u al air tempeгature noгth of 60 ° N 
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Fig. 4. СО2 partial pressure gradient between water 
of eastern East Siberian Sea and air, according to 
[Musina, 1960; Feely et al" 2001; Razumov, 2003; 
Pipko et al" 2005). 
Negati\re grad i eпt corгespoпds to СО2 нptake. 

рН 

8 

7 

6 
о 300 600 

Рсо2 , ppm 

о 
900 

Fig. 5. СО2 partial pressure ( Рсо ) in East Siberian 
Sea plotted against hydrogen io~ activity рН ( cur
ve 1) and against water saturation with carbonates 
Кс ( curve 2) at present СО2 partial pressure in at
mosphere ( dashed line 3 ). 
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Fig. 6. СО2 partial pressure ( Рсо ) in seawater 
plotted against its temperature (7) ,'at water salini
ties of 20-30 %о ( 1) and 2-13 %о (2). 
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(0.75 ° С for summer temperatuгe and 1.7 °С for win
teг tempeгature ) . Оvег t he peгiod from the early 
1960s to 2008, the СО2 paгtia] pгessuгe in air in t he 
Noгthern Hemispheгe became 75 ppm higher, which, 
accoгding to the thermodynamic modeling, can cause 
а 0.37 °С incгease in t he mean annual air tempeгature 
north of 60° N. Data from 14 \veather stations from 
Vize Island to Dezhnev Саре show а mean annua1 аiг 
tempeгature гi se of 1.0- 2.7 ° С in t he same peгiod 
( 1.8 ° С on aveгage) [ G17.gmiev et а!., 2009]. Thнs, the 
contгibution of atmospheгi c СО2 incгease into the 
obseгved \vaгming is about 20 %. 

Тhегеfоге , warming iп tl1e Noгthern HemispЬere 
тоге likely has otheг maj oг controls t ha11 СО2 in
cгease . This may Ье 20- and 50-year cycles of tЬ е 
Eaгth's axis nutation dгiveп Ьу tidal forces [ G17.g-oriev 
et а!" 2006] апd related c l1aпges in \Vater ciгculation 
iп t he WorJd ocean апd global atmospheric traпs 
poгt. 

CONCLUSIONS 

Climate cЬange to \'la rmiпg or cooling, which iп
fluences t he coasta] dyпamics, тау result from пuta
t i oп cycles driven Ьу t ida] forces . DestaЬili zation of 
t l1e carbonate Ьаlансе iп seawateг is not t l1e cause of 
cl imate cЬange but опlу сап i11cгease its magнitllde. 

I11 the co11tempoгa ry climate conditio11s, the Aгc
tic seas generally keep t heir potential for СО2 Llptake 
in spite of high orgaлic carbon iпput to the wateг алd 
summeг v.1armi11g. However, furt her warmiпg апd 
coastal erosion may aggгavate t he caгbonate Ьаlапсе 
iп staЬi l ity in tl1e East Siberian Arctic seas and redu ce 
consideraЬly t heir СО2 uptake capacity. 
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GAS HYDRATES 

METASTABLE STATES OF GAS HYDRATES АТ PRESSURES BELOW 
ТНЕ 'ICE- HYDRATE- GAS' EQUILIBRIUM 

V.P. Melnikov, A.N. Nesterov, L.S. Podenko, А.М. Reshetnikov, V.V. Shalamov 

lnstitute о/ Eш·tl'l 's С1уоsр/1еге, Sibaian Bnmcli о/ t/·1e Russian Academy o.f Sciences, 
РО Ьох 1230, 1yumen, 625000, Russia; nestaov@ikz.111 

Rcpo гted аге cxpe гimenta l гcs ul ts on the be lыvi oг of 111etl1 ane, ргораnс , and са гЬоп dioxide l1 ydгates at 
te111pc гatLJГes belo111 273 К апd pгess LJГes belo1v the 'ice- l1 ycl1·ate- gas' equilibгiL1m , 1v h eп ice is the staЫ e pl1ase. 
Tl1 e stшly l1 as fLJГпi s l1cd evidencc fог t l1e fоплаtiоп о !' iп te гп1ecl i ate supe1·cooled (mctasta Ьl e) 1vatc г d uгiпg gas 
hydгatc di ssociat ion. Tl1e pгess LJГes of hyd гate dissociation in to s нpe гcoo l ed 1vate г а пd gas 111е ге measL1гed at 
t l1e LempeгatLJГe 1·a пgcs 253-273 К fо г m etl1 aпe hydгate , 263- 273 К fо г ргора пе l1 yd гate , а пd 249- 273 К fо г 
сагЬоп dioxide l1ycl1·ate. Tl1egas l1 ycl1·ates lia11c Ьссп гecogп i zccl to keep metastaЫe fог а long time 1vithin t li e Р-Т 
а геа iп Ll1 e pl1 ase cli ag1·am boL1п cl ecl Ьу t l1 e ' i ce- l1 ydгate-gas ' а псl ' supeгcoo l ed 1vateг- l1 y d гate-gas ' m ctastaЫe 
eqL1 ilib1·ium lincs. Соп tга 1·у to 1v l1 at l1as Ьееп assшл ed /'01· se lf'-p гese г11at i o п о /' gas l1 yd1·ate, th e i г 111 e tas taЬi li ty 
l1 as по гc l at i o п 111ith ice coatiпg оп l1 ydгate paгL i c l es . 

Gas l1ydгates аге cгystalli11e сот p0Lt11ds fo гmj пg 
fгош vvateг а пd l o\v-mol ecL1i aг gases. Iп пatllгe t J1 ey 
exist as !1ydгates of паtша l gases а пd аге vvidespгead 
iп s llbшaгiпe e11viгoпm eпts belo\·V depths 350- 400 ш 
ог Ь lovv 200- 250 т i п t \1 e peгmafrost zопе [lsl'omin 
and Yakus/iev, 1992 ]. Wi t l1i11 the latte r·, gas \1 yd гates 
сал exist a lso outs id e t h e iг pгese 11t-day geological 
staЬility zопе еvеп at 150- 200 т deptl1 s dlle to self
pгese rvati oл jn the роге space of fгоzеп гocks. Tl1ese 
аге t \1 e so-ca ll ed гelic gas \1ydгates [ lsl'omin ancl Yalm 
sliev, 1992 ] \11hi c l1 sto1·e \ а гgе ашош1 ts of 11atшal gas 
and t hL1 s have good есолотiс pгospects [Yakushev et 
а/" 2005 ]. 

Self-pгeseгvat i oл of gas \1 ydгates lыs Ьеел со111-
то11 !у attг i buted to ice coat iпg t lыt forms uроп 
Ь уdгаtе parti cles at t \1e o лset of t heii- di ssocj at i oл 
алd pгeclud es fгее gas ге \ еаsе [Davidson et al" 1986; 
Istomin and Yalшshev, 1992 ]. Ice foгmatjoп о п dis
soc iatioл of \1 ydгates lias Ьееп ргоvе11 expe гim e 11tal
ly but its ve r· y mec lianism гem a i n s роог \ у Lrпd e г
stood. 

Оле se l f-p гeseгvat i oл mec h aпi sш , vv\1jch \Vas 
t l1 eoгetica ll y grou11d ed i n tегшs of' eq ltilibгiн m t \1 er
mody11amics, implies t \1 at hydгates d issoc iated at 
tempeгatllгes belovv 273 К сап go t l1гoнgh iпteгmedi
ate metastaЫe p \1 ases of sнрегсоо \ еd \11аtег а лd снЬi с 
ice [Isl'omin et al" 2006]. Но1\1еуег, t \1ere was п о ге \i 
аЫе expeгim eлtal evid eпce fог tЬ е ex i steвce of t l1ese 
metastaЫ e pl1ases Ьеfоге онг stlldies. 

Belo\.v 1ve present таiп hig \1li gh ts of Oll Г st Ltdy 
a imed at c l1 eckiпg expe гi111e11tally \V\1 etheг t l1 c meta
staЫe states of gas hydrates сан exist dшiвg gas Ьу 
dгаtе dissociat ion belo\V t he ice mel tiпg poiпt. 

T l1e ехре гi 111e11ts wеге peгformed witЬ met l1 a11e, 
ргорап е, a11d са~-Ьоп dioxide Ьydrates . The gas \1 y
d гate di ssoc i at i o п \Vas studied н siпg vis11al mi cгos 
copy techпiqнe сотЬiпеd \Vit h Р-Т measшemeп ts. 

Detai ls of t l1e expeгim eпtal setop a11d ргосеdше 
l! Sed i 11 tЬis \.\1 о гk аге g iYe11 el sevvЬ e гe [ Res/iel'niko v, 
20 10] . In bг i e f, gas l1 y dгates vУеге foгm ed iп а high
pгessшe геасtог placed iп s i d e а theплostati c соо l ег 
iл о гd ег to maiп taiп t \1 e r·eqaiгed temperatшe . Opti
cal obseгvatio п 1vas ca пi ed он t tЬгOL1 gl1 vievviпg wiл
do1vs оп the геасtог's l ate гal s uгface llsi11g а cathe
to п1 eteг wit \1 its te lescope ocular f'i tted \vitЬ а digita1 
сашега . Т \1 е digital iшage Vl'as di splayed 011 а monitoг 
iп гeal-tim e mode анd saved оп DVD. 

Tl1e saшples of gas hyd гates vvere ргерагеd iп the 
follo\v iпg \vay. Distill cd \vate г (1.0 - 1.5 g ) was 
sprayed оvе г а Plexiglass plate set veгtically iп sid e 
t he t·eactoг bet1vee11 tЬ е vje\vi пg wiпdows . В еfоге 
t \1 at, both t he геасtог and t l1 e plate wеге cooled do\VЛ 
to 253- 258 К to let ice fогт ол t he plate sшface as а 
sp \1e гi ca1 segmeпt \Vit \1 t he 0.15- 2.5 шт base diame
ter алd а Ь e j g \1t of 0.3 111111. Afte г Уасн шniпg апd 
clia гgiпg 1vit\1 tЬе hydгate-foллiпg gases, t l1 e геасtог 
1vas l1eated slo\vly to аЬоУе the ice melti вg po i11t. The 
fогшаtiол of \1ydгates 1vas i11feпed fгот visнa l аЬ
sелсе of liqltid iп t he saшp les ол t he plate. 

Fог gas \1yclrate di ssociatioп , fiг s t tЬ е chose 11 
tempeгatшe \Vas set llp in tЬ е гeacto r · апd tЬеп ргеs
sше \vas dec r·eased slo\vly. 111 the сон1·sе of d issocia
tioп, tl1e gas l1 ydгate samples chaлged tЬ еiг s uгface 
patteгпs as iпs нlаг liquid арреагеd with gas гe l easiпg 
fгот it . Т!1е ргеssше at wh ich the fiгst chaнge Ьесате 
Y i siЬ!e was assi gп ed the d i ssociatio п ргеssше Pd. 
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Fig. 1. State diagram of the 'water-methane' system 
( with excess gas), а fragment: 
1- equiJibгiL1m line 'ice (\vateг at Т > 273 K)- gas !1yd гate-gas' 
J.Istomin and Yalгushev, 1992]; 2 - pгedi cted metasta Ь! e exte11sio11 
о { t l1 e 'wateг-gas !1ydгate-gas' eq L1ilibr i ш11 liп e at Т < 273 К 
[Istomin et а/., 2006]; 3 - gas h ydгate dissociat ion ргеssше Pd, 
оuг data; Т = 253 К is t l1e tempeгatшe liшit at \V l1ich supe г
coolecl \vateг l'oгmatioп 011 met l1 aпe l1 yd гаtе d i ssociat i o п \vas 
obseгvecl ; Q is t he qL1adrL1pole poiл t coпespo11di11g to coexis
teпce of ice + water + gas hydгate + gas; А is tЬе poiпt on tl1e 
phase diagra m соггеsро пdiпg to Р-Т coп ditioпs of t l1e expeгi
ment with 111 etastaЬ!e methane hydгate ( see text f'ог ex pJa11a
t io11). 

70 

Та Ь 1 е 1. Coefficients А and В in Equation (1) 

Hydгate-foгmiпg 
А В, К 

Tempeгatll ге 
gas гапgе, К 

Metl1 aп e 24.763 6509.1 253- 273 
Ргора пе 54.607 15 402.0 263- 273 
СагЬоп d ioxide 28.61 7774.7 249-273 

Figuгe 1 sho\vS Pd for шethane l1 ydrate. At teni
peratuгes above those at the quadгupole equilib rium 
point (Т Q), t l1e Pd values coincide witl1 t l1e equi libгiuш 
dissoci atioн pгessuгe of bнlk hydгates. At tempeгatuгes 
below Т Q and up to Т = 253 К, the Р,1 values fall оп the 
pгedicted exte11sio11 of the 'water- hydrate-gas' equilib
гiшn liл e iлto the агеа wheгe sapeгcooled water сап ex
ist. Similaг гesults were obtaiнed fог ргораnе and СО? 
hydrates, with tЬе only difference that Р,1 were mea= 
suгed til l 263 К for tЬе foпner and 249 К t'ог t l1e latteг. 

Least-square pгocessing of the data has yielded t l1 e 
following tешрегаtuге dependence of tЬе dissociation 
pгessuгe ( witЬ the regression coefficieпt 0.998): 

ln (Р,/Р0 ) = А - В/Т, (1) 

where Р0 = 1 МРа, Tis tl1e teшperatuгe iн К, алd А, В 
ai·e tЬе empiгica l coeff'ic i e пts (ТаЫе 1 ). 

Fig. 2. Formation of metastaЬle (supercoo\ed) 
water and its crystallization оп propane hydrate 
dissociation: 
а - О miп (oпset of" di ssoc i at i o п ); Ь - 62 mi11 ; с - 89 шiп; 
Т = 267.5 К, Р = 0.054 МРа: it - J1 yd1·ate; <v - \vate r; i - ice. 



MEТASTABLE STA TES OF GAS HYDRATES АТ PRESSURES BELOW ТНЕ 'JCE- HYDRATE- GAS' EQUJLJBRJUM 

Th e dissociation e11tlыlpy ЛН was calcнlated us
iпg th e measнred pгess LLres Р,1, vvith the Claнsius
C lapeyro11 equatio11: ЛН = 51.7 kj/ mol fог metlыпe 
l1ydrate, ЛН = 129.4 kJ/nюl for propane hydrate, a11d 
ЛН = 58.4 kJ/ mol for саrЬоп dioxide hydrate. The 
predicted e11thalpy valнes agree well \vith the pнb
lish ed on es for dissociatio11 of tl1e respective 11ydrates 
i11to vvater a11d gas. 

Figшe 2 sho\vs an exampl e of successive visiЬl e 
сЬапgеs obseгv ed duri11g dissociatio11 of propane Ьу
dгаtе at 267.5 К . At t his teшpera tшe, ргорапе 
l1ydrate is k11ow11 to dissociate iнto ice апd gas at 
tl1e eqнilibriшп pressнre 0.137 МРа [ Sloan and Koli , 
2008]. Hovieveг, tl1e f'iгst cha11ge in the saшp1es vvas 
observed at а pгessuгe as lo\v as 0.054 МРа \vheл pro
pane hydrate dissociated i11to sнpeгcooled \vater анd 
gas (Fig. 2, а, Ь). Sоше dгops of sнpeгcool ed \Vater гe -
111ai11ed in tЬе шetastaЬle state and did not crysta11 ize 
even 1.5 hг afteг Ьaving арреагеd (Fig. 2, с ). 

Tl1 e gas 11 ydrate samples behaved iп а 11 нnusнal 
\vay vvithiп tl1e Р-Т агеа boнnd ed Ьу the 'ice- l1y
dгate-gas' еqнi1iЬгiшп li11e апd 'sнpercooled wateг
l1 ydrat e- gas' metastaЫe eqнilibгiL1m line (l1atcJ1ed 
агеа iп tl1e рЬаsе diagгaш of Fig. 1). Wl1en the metl1-
ane hydгate saшples showed no vi siЬle sig11atшe of 
dissociation for 14 days of co11ti1шo L1 s exa111i11atio11 at 
268 К апd 1.9 МРа (poi11 t А iп Fig. 1) , \Ve Ьеgап to 
геdнсе pressшe iл t 11e геасtо г vvl1il e maiп taiпi пg tЬ е 
sаше tешрегаtше . Water fолпеd imm ediate ly follo\v
i11g tl1e i11teгsectio11 of 'supercool ed \vater- l1 ydrate
gas' шetastaЬle equilibriнm liл e . Tl1 e foпn at i o 11 of 
supercooled vvate г ш eans that th e hydгate saшples 
\Vere fгее fгош ice. I11deed, lыd tЬ еге been ice in t l1 e 
sampl es, п о sнрегсо о1еd \Vateг vVO Ltld Ь аvе been ob
served: t l1is wateг cгystalli zes rapid1y as it can пеvег 
coexist \vi tЬ ice. Tl1erefore, tЬе stability of t he шеtl1 -
ап е l1 ydrate samples in tЬ е шetastaЫ e state (point А 
iп Fig . 1) lыs но re1ation wit h self-pгeseгvat i o п 
t lнoL1 g l1 ice coatiнg of hydiate paгti c l es . Tl1e lo11g
teгm existc11ce of 111 etastaЫ e Ьydгates iл t l1e P - Tarea 
vvЬ еге ice is а stablc рЬаsе алd t l1e арреага11се of sн
percooled ( metastaЫ e ) water as а11 iн terшed iate 
pl1 ase is tЬe 1·шod y11a111ically foгЬidd eп , is evid e11ce 
tЬat t l1e di ssoci at i oл of l1 ydгates into ice a11d gas iл 
t he fогш of а direct so lid-so lid transition is kiл eti 
ca ll y iшped ed . 

Siшilaт ЬеЬаviог " ' as observed also for otl1er 
шеthал е h ydгate saшples in tЬе area Ьонпdеd Ьу the 
' ice- Ьydrate-gas ' eqнilibri шп liнe апd ' s нpeгcooled 
water- Ьydrate-gas ' metastaЫ e equilibriнш line a11d 
th e 253 К isotl1erш, as we11 as fог propane апd СО2 
hydrates iп t he агеа boнnd ed Ьу tЬе sаше liл es апd 
tЬе 263 К апd 249 К isotl1er111s, respective ly. 

Tht1 s, tЬе laboratory tests lыve pгoven tlыt tЬе 
шetastaЬle states (gas Ьydrate , sнpeгcooled vvater) on 
dissociatioп of gas l1ydгates сап really exist for а loпg 
tim e (оп tЬе expeiiшe11t scale) at tl1 e teшpeiatшe be
low 273 К. As iпfeпed froш the measшed 111 etastaЫ e 
eqнilibгi шn ргеssнге for tl1e systeшs \vateг-шetЬane 
l1ydгa te', \vater-piopa11e Ьyd1·ate ', a11d 'water-carbo11 
dioxide l1ydrate', tl1e gas l1 ydrate staЬil ity \Vitl1in the 
Р-Т агеа bou11d ed iл tl1 e plыse d iagram Ьу tЬ е 'ice
l1 ydrate- gas' апd 's L1percool ed vvater-Ьydгate-gas ' 
liп es lыs no гela tioп \vitl1 self-preseгva tioп Ьн t is 
гаtЬег dне to kiл etic iл1pediшe11t of dissociatio11 iпto 
ice апd gas. 

The stнdy was sнppoгted Ьу gra11t 10-05-00270 -а 
fгот t he RL1 ssian Foнпdatioн fог Basic ResearcЬ ; it 
\vas caпied OL1t as part of I11tegratio11 Pгoj ect 09-62 of 
the Siberiaп Вга11сl1 of t l1e Russiaп Academy of Sci
ences апd Ргоj ect 11-6 of а Basic Researcl1 Ргоgга111 
of tЬ е RAS Eaгth Scie11ce Depa гtшent . 
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Di ssoci atioл of' C F C- 12 (Fгсоп - 1 2) hydгate iп to gas а пd sL1p eгcoo l ed \Vater at lo\v te lllpe гatuгes lias 
Ьсеп d i scoYe гed iп а pL1l sed пu сl еа г 111agп et i c геsопаnсе (N M R) study of di sperse ice. S L1pe гcoo l ed \\1аtе г was 
in Yestigated expeгim eпtally iп teгms of its qL1 aпtity d ynaпii cs duriпg dissoc i at ioп. Tl1e dissoc i at i o п rates iп t\YO 
gas l1 ydrate saпipl es \vе ге п1 eas L1red unde г diffe гen t expeгime пtal co п d i t i o п s. Supercooled \vate1· \\1as fouлd онt 
to cгystallize оп tl1e sшlaces апd iпsidc gas 11ydгa te pa гt i c l es at d iffe гen t Р- Т coп ditioп s of CFC-12 11 ydгate 
di ssoc i at i o п. 

T l1e present stlldy contiiшes earlier ехрегi meлtal 
reseaгcl1 ол t l1 e mec lыпi sш of gas l1ydгate dissocia
t ion into gas апd sнpeгcooled vva teг at SLtbzeгo tеш
регаtшеs [ Melnikov et al., 2007, 2009, 2010]. The ob
ject ive of tЬе fiгst pгoj ect stage was to ехралd t l1 e 
scope of gases foгmiлg hydгates that dissociate as 'gas 
!1ydгate ~ sнpeгcooled wateг + gas'. At tЬе second 
stage, t l1 e di ssoc iatioп pгocess !1 as been chec ked 
tЬ гo llgЬ diгect expeгimeвtal шeasшements нsiвg 
plllsed nL1 c1eaг шagп etic reso 11a11ce (NMR) \v l1i cЬ is а 
гeliable aвa l yt i caJ t ooJ appli ed Jate ly to ехрlоге gas 
Ьydrate foпnatio11 [ Aic/1ele et al" 2009; Gao et al" 
2009]. Тl1еге is гeason to believe [ Watanabe and Wake, 
2009] tЬat NMR can гeveal tЬе арреагаnсе of S L1peг
cooled water iп t he begiплing of gas l1 ydгate dissocia
t ion and, шогеоvег, сан tгасе tЬе dy11a111ics of its con
teпt. This data !1 as im poгtaпt impli cat i oвs fо г tЬе 
dissociatioл mесЬавisш, as \vell as fог t l1e role of sн -
percooled \vateг i11 tЬе efJect of gas !1ydгate self-pгes 
eгvat i oв [Istomin et al., 2006] . 

The 1·epoгted expeгim eлts wеге ГllП with CFC-
12 (CC12F2 c hJoгoflt1 oгocaгbo11 , ог Fгеоп -12) se lected 
for its ability to foпn Ьydгates at Jovv pressшes . Tbls 
fac ili tated t l1e iвstrLtшental vvoгk peгforшed 011 а 
Вп1kег Minispec - mq pt1!sed NMR re laxometeг op
e гating at tЬе resonaвce fгeqt1e11cy 19.65 MHz fог 
Ьуdгоgев 11L1c1ei. Апоtl1ег adva11tage of CFC-12 is tl1e 
lack of hydroge11 1ш c l e i \vhi ch simplifies NMR analy
sis авd a ll ows гecoгding signals fгош \vateг шolecllles 
only ( еitЬег free as li qL1 id \Vate г or ice, о г boнnd iп 
Ьydгates) . 

The starting шateгials for pгepariвg gas Ьуdгаtе 
saшples wеге disti l led vvate г and tecЬnolog i cal CFC-
12 . То proшote Ьydiate foпnatioл , ice \vas t1 sed i11 
-400 µ111 gгaiвs авd t l1e saшples vveгe sнbj ected to cy
clic tempeгatшe clы11ges [Stem et al" 1996] betweeп 
- 10 анd +З 0 С; tЬе ргеssше of gaseOLI S CFC-12 vvas 
шaintained at 150 kPa. As а гesнl t, \ve obtaiп ed а sys
teш coвsisting of а gгeat ПllшЬег of vегу sшal l co11-
tigнot1s CFC-12 Ьydrate paгtic les wЬich eвclosed 

согеs of 1111гeacted ice (ог vvateг, d ependiпg ол tЬе fi
пal tempeгat Ltгe of tЬе гL1n) . Note t hat as tЬе ншnЬег 
of 1·ш1s iп cгeased fгom 1 to 8, tl1e deg гee of i ce-to-Ьy
drate tгaпsfoпnatio11 ? 11 gгew fгоп1 42 to 94 %, respec
t i,rely. 

T l1e dyпamics of li qt1id vvateг совtенt \vas stllcl
ied Ьу теап s of NMR ге l ахошеtгу fюm free indllc
tio 11 decay (FID) follovviпg а 90° pнl se [C/1izhik, 
1991]. Tl1e tec hпiqLte vvas applied to estiшate tЬе 1;' 
111ag11et ic Ielaxatio11 t imes sepaгate l y fог liqнid water, 
ice, апd gas Ьуdгаtе i11 speciall y ргерагеd CFC-12 l1y 
dгate saшples, iп огdег to isolate liqllid \vater NMR 
sigпals . At tempe гat L1гes bet\veeп - 10 and О 0 С , t11e 
clыгacteгist i c F ID t im es \\1 е ге т;! , т2'1, - 10 µs Егош 
ice апd CFC- 12 Ьуdгаtе \vmle liqнid 'v\rater гelaxed at 
1;ш -1.5 ms. With this kп o\v ledge , vve estiшated t l1e 
FID amplit Ltde А 111 at tЬе tiш e t5 = 70 ~Ls elapsed afte г 
t l1 e 90° pll1 se (Fi g. 1) . ТЬе sig11a ls fгош ice авd gas 
Ьуdгаtе be iпg a lm ost zего at tlыt tiшe, t he шеаsшеd 
FID ampli tнd e соггеsропd еd 1111 iq11 ely to liqLtid 
wateг. 

Before t l1e NMR шeasшem eп ts iп CFC-12 
Ьуdгаtе sa шples, t l1e aшpli t t1d e А 111 'v\ras calibгated 
agaiвst t l1 e li qL1id \vateг weigl1t t1si11g staвdaгd 
saшples vvitЬ simiJ aг гe l axat i o 11 рагашеtегs (CLtS0 4 
aq ll eoнs solнtioп). Fн гtЬегтоrе , th e expe riшe11ta l 
ргосеdше vvas tested 011 CFC-12 Ь уdгаtе di ssocia
t i o п at posit ive tempeгatшes. Iв tЬis tешрегаtше 
гап gе , as \Уе expected, the aшo L111 t of liqнid vvate г 
гe1 eased оп d ec01n pos i tioп of gas Ьуdгаtе iвto water 
ancl gas obvioнs l y iл creased Ьеуопd tl1e \vateг-hy
dгate-gas' eq L1ilibгiшn liвe i11 all ехрегiш евts. T l1 e 
clissoc iati oп pгocess \vas a lso гecogпized Iroш ргеs 
sше iп сгеаsе iп tЬе Ьох with t l1 e sam ples. 

Additio11a l vvateг vvl1ich шау appear dнтiпg gas 
l1 y dгate dissociatio11 at negative tешрегаtнгеs vvas 
гeYealed Ьу NMR aвalysis Lt s iвg two saшp l es "'' i t l1 
differe11t iпi t ia l d egгees оЕ ice-to-Ьydгate tгaп sfo1·
шatio11 : ? 11 = 68 % for sample 1 анd Р1, = 90 % fог saш
ple 2. 

Copyright © 2011 V.A. Vlasov, A.G. Zavodovsky, M.Sh. Madygulov, А.М. Res l1etпikoY, All rights reserved. 
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FORMATION OF SUPERCOOLED WA TER ON DTSSOCIAT!ON OF GAS H YDRATES 

А 
90° 

Ао ... .. . 

lce + gas hydrate + water 

Water 
lce + gas hydrate 

---
:+---------=ts'-------- ! t, µs 

Fig. 1. Beginning of FID in the system ice + gas 
hydrate + water. 
Das l1ed li11 e is 1110deli11g гest1ILs . А 0 is i11 itia l FID a111pli t t1 de; А,,, 
is FID a1npli tL1cle at ti111e t 5 elapsed а~е 1· 90° pL1ise; tP is pL1 \se 
dt1rat io11. 

In the begi nning of t he ехрс гi meпt, t l1e prepa гed 
samp les stayed at t he tempe гat LJгe +3 ° С апd t he 
pressllГe of l1 ydrate- foгmiпg gas 150 kPa fог at least 
а п hош, iп огс\ ег to ensLJГe compl ete 111elt i11g of LIПГe
acted ice iп tЬ е согеs of gas l1 yd1·ate paгti c l es, vvhi cl1 
vvas сопt"iгт еd Ьу staЬ!e measLJгed А 111 • At t l1 e fo llov.1-

iпg step, sa тpl es 1 апd 2 \Vеге cooled to - 1 ° С а пd 
- 3 ° С, respectively, at а гаtе of 0.5 K/miп, at -150 kPa 
pгess LJгe of CFC- 12 оvег the samples. The sL1bseqL1ent 
tra п s i t i oп to the domaiп of l1 ydгate t l1 eпnody пa 111ic 
iлstaЬility was at constaпt tempe гatшes апd t l1 e pгes 
Sl11·es l o \ve гed stepvvise (stepsize va гied fгom 5 to 
10 kPa) fо г sample 1 ог coп tiПl10l1 s l y at а mеап гаtе of 
3 kPa/miп fо г sampl e 2. 

Tl1 e сопtеп t of li q11id \Vatc г (Fig. 2) c haпged in 
the same vvay iп t l1 e t \vo sam pl cs iпespective of both 
t l1 e i г teтpe ratшe апd mod e of pгess LJгe гedLJ ct i o п. 
Note t l1 at acldit iona1 s L1peгcoo l ccl vvateг гc l eased оп 
d i ssoc i at i o п of CFC-12 Ьydrate iп sa mpl e 2 appeared 
п еа 1· t l1c ' s l1pe гcoo l ed wateг- l1 yd 1·atc-gas ' eqL1 ili bгi
llll1 \iп е \Ve obta iп ed t l1 гoug l1 cxtгapo l atioп of expc гi
meпta l data fгom [Byk, 1980 1 оп tо t he sLJbze гo tem
pe гatu гe cl om a iп. In sa mpl e 1 of mо ге s llpe гcoo l ed 

wate г, h oweveг, it occl1гed at 15 kPa belo'·'' th is line 
fo1· t he diffi cl1i ty to pгecise l y со п stгаiл the di ssocia
t i oл pгessLJГe гedl1 ced in tЬ е stepvvise mode. 

Tl1e d yп amic gгovvt l1 of S llpc гcoo l ed \.vatc r ге
со гd еd iп i:· ig. 2 coпespoпd s to а consta п t гаtе of 

m1,mg 
80 

60 

40 

20 
а 

30 

2 20 

10 

L_--~--~--~__!!:JМ::-.~-~y о 

о 10 20 30 40 t , mi11 

Fig. 2. Time-dependent variations in contents of su
percooled water while pressure was reduced above 
the sample. 
1: Sa111 ple 1, te 111peratшe - 1 ° С, step\\1ise l o\ve гed pгessuгe (at 
5 to 1 О k Ра) ; 2: Sample 2, tc n1pe гaLшe - 3 °С, ргеssшс l0\\1ered 
at 3 kPa/ 111in. Апо\УS poin t to co11te11 ts ac1·oss tl1e eqL1 ili bгiL1111 
l iп es of i ce- \1 ydгate-gas (а) а пd SL1pe1·cooled 1vate 1 ·- l1 ydгate
gas (b) . 

CFC- 12 hyd1·ate dissociat i oп, \v\1i cl1 we estimated at 
-1 mg/ min fог t he g i ve п sam pl es and ex peгim ental 
condi t i oпs. Fl1гtЬегmоге, we also calcLJla ted t \1e max
iпшm tliickпesses of wateг film s оп the sшt·aces of gas 
hydгate paгticles , \Vitl1 гegai-d to t he tota l co п tent of 
t l1 c fо ппсd li qLJ id wate1·, v.rl1i cl1 \vе гс п о l агgег thaп 
4.2 апd 3.6 µm fог sampl es 1 апd 2, respect ively. 

At some poiпt а~е 1· its peak, the coп tent of liquid 
\vater Ьеgа п to d ec гease as а гes ll l t of c гystalli zation , 
at а гаtе more thaп ап огdсг of magпitLJd e fasteг tЬап 
t l1e d i ssociatioп !'ate (Fig. 2). Note t \VO pieces of tЬ е 
Cll гvcs t l1 at 1·есогd tl1e cгysta l 1 i zat i o п of bll lk \vateг 
iп to ice at rates timcs diffe re пt from eac l1 otheг. Tl1e 
еагl у segm eп t coпespoпds to c гysta ll izat ioп of addi
t i o п a l \Vate г гeleased оп d i ssoc i at i o п о п t he s uгf·aces 
of l1 yd гate paгtic l es whi le t l1 c late опс i cгysta lliza
t i oп of v.rate1· tЬat exis ted o гi giп a ll y iпsidc the paгti
clcs. Th is is ql1 ite геаsопаЫе as, bei пg ап cпdotl1 eгшic 
p1·occss, d i ssociatioл coo ls cl o \v п t l1 c Sl11·face v.1 ateг 
а пd iп c гeases tЬ е pгoba Ьili ty fo1· ice пuc l eat i on iл it. 
Оп t l1 c ot l1 e1· lыnd , cгysta lli zatioп bcgiппiпg from tЬ е 
S l1гfacc t гi ggeгs t he \.\ratc г- to- i cc pl1ase c l1 a п ge iп tЬе 
li ql1i cl со гсs of gas hydгatc part icles. 

T lн1 s, t l1 e NMR a п a l ys i s l1 as pгovided so lid evi
d e п ce for cli ssoci at i oп ot· CFC-12 l1 y dгate iп to gas 
апd Sl1percool ed \Vate1· at sLJbzero te mpe гat LJГes, 
wl1icl1 may Ье а staгtiпg poiп t fог fL1r t l1 c г estim ating 
the 111 agп etic- гelaxatioп paгam eteгs of t l1i s vvateг. 
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Various microЬial forms have Ъееn discovered in situ in ice lenses within frozen loam Ьу means of optical 
and electron microscopy. Migration of bacteria оп freezing of fine-grained soil has been investigated in experi
ments. The viabllity of bacteria may Ье maintained Ьу processes associated with ice segregation. Ice lenses in 
cryotic soils appear to Ье the best haЬitat for sustainaЫe microЬial life. 

INTRODUCTION 

The cryosphere (sphere of cold and ice) controls 
Ьiodiversity, as well as the lithosphere, the atmo
sphere, the hydrosphere, and the Ьiosphere. Besides 
the inhaЬited Earth, cryosphere exists on other plan
ets as well: the still colder planets of Mars, Jupiter, 
Saturn, and Uranus store great amounts of ice and 
have almost fully glaciated satellites. Increasingly 
growing recent attention has been given to the role of 
ice in the origin of planets, star systems, and in the 
space as а whole. Ice had existed before the Solar Sys
tem formed and before water appeared on the Earth. 
Ice is and will Ье present in the Universe whichever 
change the latter may run. Owing to its physical 
properties, ice is an ideal place for life to emerge, as it 
provides an incubator with minimum temperature 
gradients, а shelter from killing radiation, and protec
tion from dangerous chemicals. 

The original hypothesis of Ьiota dormancy in the 
Earth's cryosphere has been undermined with ample 
evidence for the existence of viaЬle microЬial life in 
natural ice and in frozen ground of various genetic 
types [Zvyagintsev et al" 1985, 1990; Abyzov, 1993; 
Gilichinsky et al., 1993; VoroЬieva et al" 1997; Bntsh
kov et al" 2006]. The possiЬility for microorganisms 
to remain alive and rnetabolically active in peren
nially cold environments has been widely reported 
[Friedmann, 1994; Gilichinsky and Wagener, 1995; 
Rivkina, 1998; Vishnivetskaya et al., 2000; Christner 
et al" 2003]. 

Most psychrophilic ( cryophilic) organisms, i.e" 
those сараЫе of growth and reproduction in cold 
temperatures from -10 to +20 ·с, are staЫe against 

the freezing stress. This strength can Ье of Ьiotic or 
aЬiotic origin. The Ьiotic factors are, for instance, spe
cial forms of cysts or spores bacteria can develop to 
adapt to harsh conditions, or special compounds (sug
ars and proteins) they can secret to survive in frozen 
sediment and in ice sheets. Unfrozen water in perma
frost is an aЬiotic staЬility factor, which acts as both а 
cryoprotector and an environment for transport of 
nutrients and metabolism. There are many things that 
remain unclear but ever more data has been appearing 
on the wonderful viaЬility of microЬial organisms dis
covered in frozen ground [Brushkov et al" 2009]. 

lt is surprising how bacteria can remain viaЬle 
in pre-Holocene permafrost despite the known vul
neraЬility of proteins and DNA to macromolecular 
damage. Of special interest in this respect is inves
tigating the spatial and ecological links of microor
ganisms with other permafrost components, such 
as mineral matrix particles, ice lenses, unfrozen wa
ter, and air. Some evidence of these patterns was 
obtained while studying the cryotic microstructure 
[Rogov, 2009], but no special research has been un
dertaken so far. 

MATERIAIБ AND METHODS 

The distribution of bacteria in frozen ground was 
studied in samples collected from the well-known 
section of Mamontova Gora (Russian for Mammoth 
Hill) in Central Yakutia, on the left bank of the Aldan 
River, 325 km upstream of its inflow into the Lena. 
An outcrop in terrace III of the Aldan exposes allu-

Copyright © 2011 V.P. Melnikov, V.V. Rogov, A.N. Kurchatova, A.V. Brouchkov, G.I. Griva, All rights reserved. 
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vium that, since the earliest Quaternary, has filled the 
Lower Aldan basin lying along the junction between 
the Verkhoyansk Foredeep and the Siberian craton. 

The lower section consists of Middle Pleistocene 
sand and loamy sand thinly interbedded with wet ice
cemented flood-plain loamy sand. Up the section 
there follows an ice complex with thick Late Pleisto
cene and Holocene ice wedges. 

According to geological data, cooling and related 
freezing of the sediments began in the late Pliocene. 
Paleoclimate reconstructions for the area predict that 
temperatures in the Pleistocene were from -12 to 
-32 °С in winter and from +12 to +16 °С in summer 
seasons [ Bakulina and Spektor, 2000]. The presence of 
ice wedges indicates that the permafrost did not thaw 
during the Holocene climate optimum. Thus, the ice 
lenses in the lower section must Ье of the same age as 
the sediments. 

The river has strongly eroded its bank at the lo
cality (more than 1 т ofland washed out every year), 
which prevents the sediments from repeated freezing. 
Sampling was from the lower part of the outcrop over 
the water surface, 0.9-1.0 inward from the vertical 
wall. The ground microstructure was examined in 
4-5 kg monolith Ьlocks, and the samples for micro
Ьiological studies were about 50 g. Sampling was per
formed with metal instruments sterilized in ethanol 
and flame. The samples were sterile packed and trans
ported in thermostatic containers with coolants at 
-5 °С, i.e., close to the natural conditions. 

The sampled ground is laminated silt consisting 
of alternated thinner light-color and thicker dark
color layers, with thicknesses 0.5-1.0 mm, respective
ly. The cryostructure is made up of thin (0.05-
0.10 mm) broken layers that inherit the sedimentary 
bedding comblned with vertical, sometimes discon
tinuous, 0.1 mm lenses (Fig. 1, а). The ice layers con
sist of isometric or slightly elongate polygonal crys
tals from 10 х 15 to 30 х 80 µm. 

The soil samples contained а cultivaЬle bacteri
um сараЫе of both aeroblc and anaeroblc growth. lt 
belongs to the Bacillш genus but is more likely а new 
species most closely related to Bacillus simplex and 
В. macroides which are 96-97 % homological with 
16S rRNA [Bmshkov et al" 2009]. 

The bacterium is psychrotolerant and can Ье 
metabolically active at -5 °С. It is relatively large 
(1.0-1.5 х 3-6 µm) and rod-shaped; it forms chains 
in the culture and can develop round spores. It is im
moblle, haemolytic, and gram-positive. The bacteria 
shows catalase and oxydase activity, reduces nitrates, 
and can grow within а broad temperature range. 

In the laboratory, the bacillus grew slowly at 
-5 °С (growth signature became evident after two or 
three months) in both frozen and cooled environ
ments. Although growth upon an artificial substrate 
is possiЬle at subzero temperatures, no visiЬle colo
nies were observed on the frozen samples. 
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The samples were examined Ьу means of optical 
and electron microscopy in specimens preconditioned 
in different ways. Frozen fresh chips were studied af
ter vacuum drying; the most detailed information was 
from replicas of frozen samples. The method was de
veloped Ьу one of us [ Rogov, 2009] to investigate the 
soil microstructure. Preliminary optical microscopy 
of the replicas revealed microorganisms in ice lenses 
within frozen ground. At the following stage, the rep
licas were scanned Ьу а LEO 1450 VP raster electron 
microscope, using an in-built spectrometer for identi
fying the bacteria and their environment. 

EXPERIMENTS AND RESULTS 

The largest bacteria existing as round or ovoid 
cells from 5 to 1 О µm were discovered in the middle of 
an ice layer, in groups of 5 to 8 individuals (Fig. 1, Ь); 
some cells grew at the ice-rock boundary. Other bac
teria found in small ice lenses were rod-shaped with 
rounded ends, similar in their morphology to plated 
Bacillш (Fig. 1, с). Almost no colonies were observed, 
which may Ье evidence of very slow or no reproduc
tion in frozen rocks. However, some images attested 
to the very possibllity for such slow growth, about 
the ice flow rate. No signature of symblosis was seen 
either. The organic origin of the cells was validated 
Ьу spectrometry which showed salts ( especially 
СаС12) in the environment. The distribution of salts 
and colloids as а reticulate coat around the cells be
came evident in vacuum-dried speciтens. The coat 
had а сотрlех composition doтinated Ьу calcium, 
iron, and silicium coтpounds (Fig. 1, е). 

The presence of тicroblal life in frozen ground 
poses challenges for both тicroblological and geoc
ryological sciences. The results of the reported study 
furnish evidence for obvious links between the freez
ing, тoisture transport, and ice forтation processes 
and the distribution of ice-dwelling bacteria. 

This hypothesis was checked in an experiтent 
with а ground systeт of sterile kaoline таdе in а plas
tic cylinder, 50 тт in diaтeter and 250 тт high. Ka
oline saturated with distilled water to а content of 
40 % lay over 0.5-1.О mm thick coarse sand fully im
pregnated with а solution containing the culture of 
Bacillus cereus. The systeт was exposed to one-di
тensional freezing in а special device at the surface 
teтperature -4 °С. After freezing, the upper 3 cm of 
kaoline developed а stratified cryostructure, with 3-
4 тт thick ice lenses; the following 7.5 ст of the 
saтple was тassive; the lowerтost layer (2.5 ст) re
mained thawed. Then the redistribution of bacteria 
was investigated, Ьу plating without cultivation, in 
250 µl ground samples from the upper and lower lay
ers. As а result, we obtained 71 plate colonies in the 
former (frozen kaoline with segregated ice) and 25 
colonies in the latter (massive kaoline). The presence 
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Fig. 1. Distribution of ice and bacteria in frozen ground. 
а - segregated ice in loam; Ь, с - cells of various geometries in ice lenses; d - mineral coat around а cell; е - cells of Bacillus cereus 
in ice from kaoline (inset is magn. хЗО);/- cells of Bacillus sp. in an ice lens. 

of sporadic bacterial cells in segregated ice was сап -
firmed microscopically (Fig. 1, е). 

DISCUSSION 

The experiment demonstrated the possiЬility for 
ice segregation and for migration of bacteria toward 
the freezing front in the course of moisture flow. The 

mechanism of this migration is not quite clear. Possi
Ьly, it occurs Ьу cryogenic desiccation while moisture, 
together with growing ice crystals, moves along the 
cracks. 

Another important issue concerns with the loca
tion of microЬial cells relative to ice crystals. Micro
Ьial cells found in Taylor Glacier in Antarctica were 
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located in small veins of water between individual ice 
crystals [ Doyle et al., 2008] where dissolved nutrients 
and gases necessary to maintain metabolism may pro
vide suitaЫe life conditions. However, the cells we 
observed in ice lenses from frozen loam did not show 
such localization. 

Natural ice as а microЬial haЬitat is remarkaЫe 
Ьу being а multicomponent system with moЬile solid 
surfaces that border upon fluid and gas inclusions. As 
the ice crystal surfaces become warmer, the liquid 
films thicken up and develop а branched capillary 
system on further heating. The total length and diam
eter of the capillaries depend on the amount of free 
and bound water and on its salinity that controls the 
eutectic temperature. The crystal morphology and 
cryotextures in ground ice also depend on the grain 
size and mineralogy of sediments. The life conditions 
for bacteria in the water capillary system appear ex
treme because of their instaЬility in space ( osmotic 
gradient) and time ( diurnal and seasonal temperature 
gradients ). Thus, the ice crystal interior with multiple 
gas-fluid and organic-mineral inclusions may Ье а 
better environment to sustain microЬial life. 

On the other hand, the ice genesis being definite
ly an ecology control, the patterns of microbe cells in 
natural ice may result either from snow-to-ice trans
formation or from freezing and icing in wet fine
grained sediments. The experimentally observed bac
terial patterns (Fig. 1,/) indicate that microorgan
isms can particij>ate in migration and segregation of 
ice because the capillary size and the structure defects 
(vertical and horizontal desiccation cracks) in freez
ing sediments are large enough to let the cells 
through. 

Another agent that can further maintain bacte
rial life in frozen sediment is the adsorption of salt 
ions from pore fluid and formation of а saline water 
coat which impedes icing in cells and in their sur
roundings. Note that spectrometry shows СаС12 to Ье 
the common salt deposited on the cell periphery, this 
being the most active agent among the ice-borne salts 
to reduce the water freezing temperature. There may 
Ье also other survival factors. Namely, some cells were 
found out to keep their relation with the mineral sub
strate, which is implicit evidence of their viabllity. 

CONCLUSIONS 

1. Microorganisms in frozen ground show а dis
tribution indicating their abllity to migrate while 
rock is freezing and to localize in segregated ice. 

2. Ground ice is apparently the best permafrost 
haЬitat for sustainaЬle and comfortaЫe life of diverse 
microЬial forms. 
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3. Salt-bearing gas-fluid inclusions inside and 
between ice crystals provide suitaЫe life conditions 
as they prevent cells and their amЬient material from 
freezing. 
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Permafrost is widespread in the Northern Hemisphere and is as old as hundreds of thousands to millions of 
years. Frozen ground stores living microorganisms which remain unfrozen in the relatively warm environment 
(-2 ... -8 'С) but are immoЬilized and may Ье about the age of the host permafrost. А strain of Bacillus sp. was 
isolated from -3 Ма permafrost and its 16S rDNA sequence was identified. А large group of microorganisms 
including fungi was isolated from the wedge ice. Permafrost deposits contain invertase, urease, katalase and 
dehydrogenase. 

INTRODUCTION 

Biochemical activity of permafrost and existence 
of microorganisms in it were discovered quite long 
ago [Lozina-Lozinsky, 1972; Friedmann, 1994]. In the 
late 1970s, bacteria, fungi, diatoms, and other organ
isms were discovered at the Antarctic Vostok station 
[Abyzov et al., 19 79]. There have been reports of bac
terial metabolism in low-temperature environments 
[ Clein and Schimel, 1995] and of microЬial life that 
survived at subzero temperatures in ancient deposits 
[Ashcroft, 2000; Nicholson et al" 2000; Katayama et 
al., 2007]. Microorganisms are staЬle against freezing 
and can bear it easily [Lozina-Lozinsky, 1972]. On the 
other hand, it is known that а part of water ( over 
10 %) in various materials can remain unfrozen at 
temperatures below -20 °С [Brnshkov, 1995]. 

Bacteria can keep viaЬle for а long time. The sur
vival time of Anthrax bacillus spores was estimated at 
about 105 years [ Repin et al" 2008]. Colonies were 
cultured from bacteria found in 40 Ма amber [ Green
Ьlatt et al" 1999]. However, the evidence these spo
radic finds can provide for exceptional tenacity of 
microЬial life is less reliaЫe than that from purposive 
studies of permafrost. Permafrost occupies an enor
mous area worldwide and reaches 65 % of the terri
tory in Russia. Its temperatures range most often be
tween -2 and -8 °С and the age is locally as old as 
millions of years [ Ershov, 1988]. 

At present there has been no proof that microor
ganisms would Ье сараЫе of growing in permafrost 
where the growth is impeded Ьу cell immoЬility, shor 
nutrients, and poor conductance of water films. Aging 
cultures stop growing even in laboratory. Water crys
tallization and arrest of metabolism reduces the grow
ing capacity [Lozina-Lozinsky, 1972]. Unfrozen water 
in -2 and -4 °С permafrost exists in very thin (0.01-

0.1 µm) films, far below the size of microorganisms. 
These channels are virtually unfit for life support, and 
any significant migration of cells is hardly possiЬle. 
That is why bacteria in permafrost must Ье relict 
forms, their age being constrained Ьу their strati
graphic position, freezing history, and data on optic 
aminoacid isomers; further implicit constraints are 
from Ьiodiversity. 

The tenacity of microorganisms in permafrost 
remains puzzling. Fossil DNA of mummies, mam
moths, amber-entrapped insects, and other organisms 
turn out to Ье destroyed. The theory predicts that 
even small DNA fragments (100-500 nucleotides) 
can preserve no longer than 1 О kyr in а normal cli
mate and 1 myr the longest in cold areas [ Willerslev 
and Cooper, 2005]. There may exist some mechanisms 
that prevent bacterial DNA from accumulation of de
fects. We describe some Ьiogeochemical features of 
permafrost in Yakutia, mostly with the example of 
Mamontova Gora (Russian for Mammoth Hill) out
crop in Aldan and report some preliminary data on 
the discovered organisms. 

MATERIALS AND METHODS 

Samples for Ьiogeochemical studies of frozen 
ground were collected from outcrops and under
ground structures at several sites. One is the Mamon
tova Gora (Mammoth Hill) site located on the left 
bank of the Aldan River, 325 km upstream of its in
flow into the Lena. 

The river incision exposes Neogene-Pleistocene 
(from 16 Ма to а few kyr) alluvium deposited during 
Pleistocene glaciations. Neogene sand is frozen; per
mafrost is shallow or exposed at eroded surfaces. 

Copyright © 2011 A.V. Brouchkov, V.P. Melnikov, M.V. Schelchkova, G.I. Griva, V.E. Repin, E.V. Brenner, М. Tanaka, 
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J udging Ьу the cryostructure, Neogene sediments 
froze up after their deposition and lithification. Mid
dle Pleistocene sand shows signs of syngenetic (syn
depositional) freezing: ice and soil veins at different 
levels. Therefore, permafrost may have existed con
tinuously through the Pleistocene and, hence, the 
microorganisms found there must Ье very old. Neo
gene- Middle Pleistocene sand lies under up to 7-
1 О m thick U pper Pleistocene loam and silt which 
enclose wedge ice. 

Sampling was from upright Ыuff walls, at depths 
0.9-1.0 m below the active layer (which in the condi
tions of continuous erosion was no thicker than а few 
centimeters). Given that the outcrop is being rapidly 
eгoded bythe river (at least several meters annually), 
the sampled sediments арреаг to have been perenni
ally fгozen . Уеагlу spring floods take the slumped 
gгound away, which prevents sediments from obstruc
tion, defoгmation, and repeated freezing. The sedi
ments, consisting of Middle Miocene (10-12 Ма) 
fine sand [Baranova et а/., 1976], appear to have been 
cooled and frozen up in the latest Pliocene, about 
3-3.5 Ма ago [ Bakulina and Spektor, 2000] and never 
thawed later on because of the cold Yakutian climate. 
According to regional paleoclimate reconstructions, 
mean annual air temperatures through the Pleisto
cene were from - 12 to -32 °С in winter and from +12 
to +16 °С in summer [Bakulina and Spektor, 2000]. 
Thus, the age of permafrost at the Mammoth Hill site 
may reach 3.5 Ма. Моте samples were collected from 
youngeг wedge ice in Yakutia, from an undeгgгound 
gallery of the Institute of Permafrost (Yakutsk), as 
well as from frozen ground on the left bank of the 
Lena at the Neleger observatoгy site. 

Permafrost sampling was with all precaution 
possiЬle in the field. The microstructuгe of frozen 
ground was examined in 4-5 kg monolith Ыocks, and 

the samples for micгoЬiological studies were about 
50 g. Sampling was peгformed with metal instruments 
sterilized in ethanoI and flame. The collected sarnples 
were sterile packed and transported in thermostatic 
containers with coolants at -5 ·с, i.e., close to the 
natural conditions. 

The physicochemical properties of the sarnples 
were determined Ьу means of common procedures for 
soils: Turin wet combustion for totaI organic content 
(ТОС) and humus; gasometry for carbonates; poten
tometry for рН; gravimetry for field water content; 
and Kachinsky procedure for grain-size composition. 
The activities of soil hydrolase enzymes (invertase, 
urease, and phosphatase) and oxidoreductases ( dehy
drogenase and katalase) were measured following the 
standaгd procedures [ Schelchkova, 2009]. Aliquots 
for analyses wеге from samples that were powdered in 
the frozen state and mixed. Organic remnants wеге 
not removed. The analyses were run in triplicate. See 
ТаЫе 1 for the list of samples analyzed for enzymatic 
activity and ТаЫе 2 for the physicochemical proper
ties of sediments of the 50-m high Mammoth Hill ter
race. 

Diluted samples of different percent concentra
tions were placed, under sterile conditions, to Petri 
dishes with YPD, MRS, and NA environments, as 
well as in meat-extract broth, in anaeroЬic and aero
Ьic conditions. 

For the sequence analysis, DNA was extracted 
using а Fast DNA kit fог soil (BIO 101 Inc" Vista, 
СА). The 16S rRNA genes were amplified Ьу а poly
merase chain гeaction (PCR) with primer sets spe
cific to bacteria. The PCR process was run in 20 µl 
using а GeneAmp PCR System 2700 (Applied Bio
systems, Foster City, СА); the amplicons wеге subject 
to electrophoresis and cleaning with а Wizard SV Gel 
and PCR Clean-Up System (Promega, Madison, 

ТаЬ!е 1. Description of samples. Dating according [Markov, 1973) 

SaтpleNo. 

2 

3 

5 

6 

7 

8 
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Age Description 

Upper Subaerial !оат, 20 ст above ice wedge-bearing sedirnents. Dense loam with abundant plant roots and 
Pleistoceпe р\апt reтnants, frozeп, light browп, plastic оп thawiпg. Wavy-bedded cryostructure; ice leпses 1-3 тm 

thick, exposed ice content about 50 % 
Upper Ice wedge-bearing sedimeпts, -1 т below lоат base 

Pleistoceпe 

Middle About 8 т dowпslope froт hi\I top, 1 О т far froт No. 6 sampliпg locatioп. Exposed gray saпd with light 
Pleistoceпe gray iпterbeds. Massive structure, with dark spots of orgaпic тatter. Approxiтate age 150 kyr ВР 

Middle Left valley side where proxiтal outcrop is located, before proximal cirque; upper slope part, 10 т 
Pleistoceпe dowпslope from hill top. Gray lоат, frozeп, with песrопs, iпcludiпg greeп stalks. Massive cryostructure, 

with - 1 ст thick ice leпses. А Middle Pleistoceпe ice veiп, rather distiпct оп scraping, with а soil veiп 
above it. Approxiтate age 150 kyr ВР 

Middle Treпch, тiddle terrace slope, below outcrop where Nos. 1- 6 were saтpled, about 25 т upslope from 
Pleistoceпe water tаЬ!е. Exposed gray medium-grained sand, with alterпating рlапе апd cross beddiпg, lyiпg over а 

реЬЬ!е bed. Age of sedimeпts above реЬЬ!еs 300 kyr ВР 
Мiосепе Begiппiпg of 50-m terrace, about 90 т far from the left-hand side of the Aan-Appa Brook тouth, 

downstream Aldan River. Exposed Neogeпe saпd. Treпchiпg about 25 m upslope from water tаЬ!е. Gray 
sand, iпterbedded dark gray апd yellowish medium to coarse saпd. Cross beddiпg mixed with рlапе 
beddiпg, abuпdaпt "uпconformities". А реЬЬ!е bed, up to 20 ст thick, with fossil wood material above 
it, wherefrom the sample was collected. Approximate age 12 Ма 
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ТаЫе 2. Physicochemical properties of 50-m terrace deposits at Mammoth Hill site 

Hu- Field Hygro-
Sam- рН тое, СаСО3, water scopic Specific 
ple aqu. % mus, % content, moisture, weight % % % 

2 8.02 1.66 2.86 4.76 60.26 0.24 2.58 

3 8.14 1.47 2.53 2.20 72.83 2.38 2.48 

5 7.83 0.69 1.19 о 24.97 0.22 2.62 

6 8.10 1.27 2.19 о 75.12 1.81 2.50 

7 7.63 0.04 0.07 о 29.79 0.11 2.70 

8 4.84 1.25 2.16 о 32.60 0.08 2.63 

USA). The purified amplicons were cloned into the 
pCR2.1 vector and Е. coli culture with the ТА clon
ing kit (lnvitrogen) following the recommendations 
of the manufacturer. А 16S rDNA-bearing plasmid 
DNA was prepared from an overnight culture with 
the Mini prep spin kit (Quiagen, Crawley, UK). Puri
fied plasmid DNA was sequenced on an ABI PRISM 
3100 Genetic Analyzer with the Big Dye Terminator 
cycle-sequencing kit (Applied Biosystems). The se
quence length reached 1488 Ьр. The sequence was 
compared with similar sequences of reference organ
isms Ьу BLAST search. А phylogenetic tree was con
structed with CLUSTAL W. 

SPORE-POLLEN ANALYSIS 

The frozen Pleistocene deposits of the 50-m ter
race of Mammoth Hill contain abundant tree and 
shrub pollen assemЬlages (50.8 %) with almost equal 
proportions of conifer (26.0 %) and small-leaved 
(24.8 %) plants. Among gymnosperms, highest per
centages are of Larix ( 15.6 % ) while other species 
have progressively lesser percentages: 6.8 % Pinus syl
vestris, 2.0 % Pinus pumila and 1.4 % Picea (Р obovata 
and Р. cf. ajanensis). The small-leaved plants are 
mostly shrubs: 13.0 % Alnaster, 4.2 % Betula exilis, 
and 1.4 % Salix. Tree Ыrch pollen is within 6.2 % (Be
tula sect. Albae, В. platyphylla ). Grass-subshrub as
semЬlages constitute 48.6 % of pollen, with highest 
abundances of Artemisia ( 41.1 % ), а typical represen
tative of dry steppe environments. Generally, com
parison between fossil and extant spore-pollen spec
tra has been amblguous. Some samples record deposi
tion in а drier and, possiЬly, colder climate while 
others appear to Ье deposited in а warmer and wetter 
environment relative to the present one. 

ENZYMAТIC ACТIVIТY 

The enzymatic activity of ancient permafrost 
was investigated in comparison with that of present 
cryosols, for nine common soil types of the middle
taiga subzone of Central Yakutia [ Schelchkova, 2009] 
including forest (lessive) and meadow (chernozem
like, sod-gley, and alas) cryosols. 

Number of particles of size (mm) Total 

0.25- 0.05- 0.01- 0.005-1-0.25 
0.05 0.01 0.005 0.001 <0.001 mm <0.01 mm 

0.7 13.5 42.9 12.2 13.5 17.2 42.9 

0.6 7.5 44.5 15.5 13.5 18.4 47.4 

54.7 22.8 8.5 1.7 1.6 10.7 14.0 

7.8 9.7 33.0 12.3 14.7 22.5 49.5 

71.0 26.1 1.0 0.4 0.6 0.9 1.9 

69.3 21.0 3.5 1.2 2.3 2.7 6.2 

The present soils possess the entire hydrolase 
and oxidoreductase range we studied (ТаЫе 3). The 
presence of hydrolyzing enzymes of carbohydrate, ni
trogen, and phosphoric metabolism is evidence of di
gestion and enrichment in simple sugars and mineral 
compounds of phosphorus and nitrogen. The topsoil 
(А 1) horizons of cryosols are rich in invertase. U rease 
activity being more variaЬle, the frozen soils may Ье 
of low, medium, or high urease enrichment. Unlike 
the hydrolytic enzymes, dehydrogenase, is involved 
in redox reactions of Ьiogenesis in humus, along with 
phenoloxidase enzymes, and in а way reflects the 
intensity of humification in soils. Dehydrogenase in 
the cryotic soils of Central Yakutia is of low or me
dium contents. Thus, the present soils show signs of 
all main reactions of organic compounds (break
down and humification) typical of soil formation pro
cesses. 

Catalase activity is an indicator of Ыological ac
tivity in soils. Soil catalase, as well as the intracellular 
one, is important as it decomposes hydrogen peroxide 
which is toxic for living organisms. Catalase activity 
in soils normally depends on the total organic content 
(ТОС) and amount of microorganisms. Cryosols most 
often have low or medium catalase enrichment, and 
the enzymatic activity decreases downward propor
tionally to progressive decrease in ТОС and Ыogenic 
components. lnvertase, urease, and catalase are pres
ent throughout the soil profile while phosphatase and 
dehydrogenase activity is restricted to А 1 topsoil 
(ТаЫе 3). As to dehydrogenase, the latter fact char
acterizes its function and indicates that humification 
reactions are especially active in the А1 horizon. The 
presence of phosphatase in А1 only is evidence of slow 
phosphoric metabolism. Cryosols are generally poor 
in mineral phosphorus, and in Central Yakutia they 
have low or medium enrichment in hydrolytic and 
redox enzymes, which are most active in topsoil. 

The data we obtained were used to calculate en
zymatic activity statistics for three horizons (А, В 
and ВС (С)) in cryosols: arithmetic means, variance 
limits, and confidence intervals (ТаЬlе 4). It is rea
sonaЬle to use the statistics for comparing modern 
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ТаЬ!е 3. Enzymatic activity of cryosols, Central Yakutia 

Horizon Depth,cm Invertase, Urease, Phosphatase, Dehydro-genase, Catalase, 
mg glucose/(g·hr) mg NЩ/(g·24 hr) mg FF /(g·hr) mgTFF/(10g·24 hr) ml 0 2/(g·min) 

Lessive high-eff ervescent cryosol 

А 0-5(9) 0.57 1.36 0.576 3.860 1.3 
в 28-38 0.25 0.30 о 1.244 1.1 

веса 50-70 0.27 0.01 о о о 

Lessive solodic cryosol 

А 0-6 2.62 37.77 8.98 11.42 
в 10-30 0.45 3.86 0.97 0.55 
вс 50-100 0.03 1.58 о 0.14 

Alas tussock-sapropel-gley soil 

А 0-22 0.55 10.81 14.91 5.04 
LD1 22-40 0.29 8.45 о 0.81 
LD2 40-68 0.26 7.66 о 1.09 

Alas tussock-meadow soil 

LD1 0-23 1.34 13.45 0.81 3.07 
LD2 23-40 0.09 9.19 о 0.79 
Вса 50-110 0.33 о о 0.33 

Alas steppe soil 

LD1 0-19 0.81 2.06 

1 

0.88 4.95 
вса 19-103 0.42 0.77 о 0.07 

Chernozem cryosol 

А 0-19 2.95 5.00 5.25 4.15 1.60 
в 47-72 0.74 0.40 о о 0.69 
с 72-102 0.49 0.20 о о 0.54 

Meadow-chemozem cryosol 

А 0-12(14) 4.23 2.86 3.37 3.00 2.54 
Вса 45-80 0.81 0.22 о о 0.57 
с 80-100 0.55 0.10 о о 0.13 

Tussock-gley cryosol 

А 3-18 3.03 1.16 1.27 2.75 1.58 
Bg 58-70 0.21 0.36 0.49 о 0.40 
с 70-90 0.23 0.25 0.43 о 0.20 

Meadow-to-forest transitional cryosol 

А 2-21 3.29 1.31 

Вса 37- 78 0.65 0.15 
вс 80-100 0.35 0.12 

frozen soil and ancient permafrost in terms of enzy
matic activity. The 30 kyr to 12 Ма frozen sediments 
of the 50-m terrace bear signature of activity for some 
enzymes we studied (ТаЫе 5). Invertase activity 
shows up in all samples being the highest in Upper 
and Middle Pleistocene sediments. Its magnitude is 
commensurate with that in mineral horizons В of 
modern cryosols (ТаЫеs 4, 5). Urease activity has 
been found in three out of six samples (Nos. 2, 3, 5) 
from the Upper and Middle Pleistocene section, with 
its magnitude fitting the confidence interval of urease 
activity of В and ВС horizons in modern cryosols of 
Central Yakutia (ТаЫе 6). Dehydrogenase activity 
appears in two of the six samples (Middle Pleisto
cene ): it is quite low in No. 5 and rather high in No. 6 
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5.58 1.70 2.27 
о о 0.10 
о о 0.03 

(3.225 mg TFF /(10 g· 24 hr)) fitting the confidence 
interval of that in modern topsoil. Catalase activity is 
present in Upper Pleistocene samples and one of three 
Middle Pleistocene samples, and is as low as in min
eral horizons ВС and in soil-forming sediments of 
modern cryotic soils. As for phophotase activity, it 
has not been observed in the fossil permafrost samples 
from the Mammoth Hill site. 

Thus, invertase is the most persistent enzyme 
surviving in permafrost. lts activity shows up in sam
ples of all ages from Miocene to Late Pleistocene. 
Urease, dehydrogenase, and catalase are less pre
served being restricted to Upper and Middle Pleisto
cene deposits of some samples, while phosphatase 
lacks from fossil permafrost. 
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ТаЬ!е 4. Statistics of enzymatic activity of cryosols in Central Yakutia 

Enzyme Horizon п М±т Lim M±tm 
(р = 0.05) 

А 9 2.535 ± 0.454 0.55-4.24 1.65-3.42 
Invertase в 9 0.499 ± 0.084 0.09- 0.81 0.34- 0.66 

ВС(С) 8 0.314 ± 0.057 0.03-0.55 0.20-0.42 
А 9 8.421±3.959 1.16-37.77 0.66-16.18 

Urease в 9 2.633 ± 1.233 0.15-8.45 0.22-5.05 
ВС(С) 8 1.240 ± 0.935 0-7.66 0-3.07 
А 9 4.625 ± 1.598 0.58-14.91 1.49-7.94 

Phosphatase в 9 0.054 ± 0.054 0-0.49 0-0.16 
ВС(С) 9 0.048 ± 0.048 0-0.43 0-0.09 
А 5 3.092 ± 0.435 1.70-4.15 2.24-3.94 

Dehydrogenase в 5 0.249 ± 0.242 0-1 .24 0-0.74 
ВС(С) 5 0±0 0-0 0-0 
А 9 3.686 ± 1.085 0.70-11.42 1.56-5.81 

Catalase в 9 0.564 ± 0.055 0.07-1 .10 0.36-0.77 
ВС(С) 8 0.308 ± 0.127 0-1 .09 0.06-0.56 

N о t е. п - number of samples; М ± т - arithmetic mean; Lim - variance limits; М ± tm (at probability р = 0.05) - confi
dence interval. 

ТаЬ!е 5. Enzymatic activity of 50-m terrace deposits 

Sample Invertase, Urease, Phosphatase, Dehydro-genase, Catalase, 
No. Geologic period mg glucose/ (g·hr) mg NЩ/(g·24 hr) mg FF / (g·hr) mg TFF / (10 g·24 hr) ml 0 2f (g·min) 

2 Upper Pleistocene 0.644 0.164 
3 Upper Pleistocene 0.690 0.043 
5 Middle Pleistocene 0.362 0.042 
6 Middle Pleistocene 0.684 о 

7 Middle Pleistocene 0.399 о 

8 Miocene 0.155 о 

In the stratigraphic profile of the 50-m terrace, 
the activity of invertase, urease, and catalase shows а 
generally decreasing depthward trend. Samples of 
fine grain sizes (loam) and rich in organic matter have 
higher enzymatic activity than in coarser sandy loam 
and sand (ТаЬ!е 6). There is high positive correlation 
between invertase and catalase activity and clay-silt 
fraction percentage ( correlation coefficient r = 

= 0.769-0.911), as well as between catalase activity 
and тое and humus contents (r = 0.752). Other pos
itively associated attributes are invertase activity vs. 
humus and organic contents (r= 0.445-0.447), ure
ase activity vs. тое and silt fraction percentages 
(r = 0.422-0.525), and dehydrogenase activity vs. 
percentage of clay-silt fraction. This proportionality 
is due to the fact that enzymes in soils are most often 
immoЬilized, i.e., are bound with the surfaces of fine 
organic and mineral particles. Sorptive activity is the 
highest in mineral particles smaller than 0.001 mm 
(silt fraction and colloids, after Kachinsky) due to 
high dispersion and abundance of clay minerals and 
humus. Enzymes coming into soils are staЬilized on 
soil minerals and organic matter Ьу means of ion, hy-

о о 0.2 
о о 0.2 
о 0.361 о 

о 3.225 0.1 
о о о 

о о о 

drogen, and covalent bonds. The bonds with organic
mineral colloids can Ье very strong which, in turn, 
makes protein molecules resistant against unfavor
aЬ!e environment agents (e.g., microЬial proteolysis) 
and maintains their long tenacity. Low temperatures 
in permafrost likewise arrest microЬial activity and 
sustain the immoЬilized enzymes. According to our 
earlier thermodynamic studies of active invertase in 
buried soils from Upper Pleistocene deposits, inver-

Та Ы е 6. Correlation relationships (r) 
of enzyme activities with some physicochemical 

properties of permafrost 

Para- Invertase Urease Dehydroge- Catalase meter nase 
Clay-silt 0.910789* 0.422323*** 0.478089*** 0.882493* 
Silt 0.872943* 0.376933 0.579961 *** 0.768905** 
Fine silt 0.892061* 0.435522*** 0.460784 *** 0.899808* 
Humus 0.445122*** 0.524052*** 0.137730 0.751701 ** 
тое 0.447233*** 0.525079*** 0.137399 0.753424** 

N о t е. r reliaЬle to probabllity *р s 0.01; **р S 0.05; 
***р $ 0.2. 
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tase is either free or bound there, while the immoЬi
lized invertase has а high activation energy and ther
mal staЬility [Ashcroft, 2000]. Being а membrane
bound enzyme, dehydrogenase - unlike invertase, 
urease and catalase - is not secreted Ьу bacteria like 
extrac~llular hydrolases. Therefore, its presence in 
permafrost may Ье evidence of living or dead bacte
rial cells. 

RESULTS: ISOLATION AND IDENТIFICATION 
OF MICROORGANISMS 

Frozen Miocene sediments at the Mammoth Hill 
site contained а cultivaЬle bacterium сараЬlе of both 
aeroЬic and anaeroЬic growth, the optimal growth 
temperature being +37 °С. It is а relatively large 
(1.0-1.5 х 3-6 µm) rod-shaped bacillus which devel
ops chains in the culture (Fig. 1) and can form spores. 
It is immoЬile and gram-positive. It belongs to the 
Bacillus genus but is more likely а new species. 

The 16S rRNA gene sequence of the bacillus re
ported in this study was deposited in DDBJ/EMBL/ 
GenBank under accession number АВ178889 and en
try ID 20040510203204.24251. It is most closely re
lated with Bacillus simplex and В. macroides which 
are 96-97 % homological with 16S rRNA. 

Growth of bacteria at low temperatures was re
ported earlier [Ashcroft, 2000]. Bacillus anthracis is 
known to easily survive freezing [Repin et al., 2008], 
though the optimal temperature for its growth is 
rather high. Spores of Bacillus are especially resistant 
[Nicholson et 'al" 2000]. For instance, В. thuringiensis 
and В. macroides were found in amber with а radio
metric age of 120 Ма [ GreenЬlatt et а/., 1999]. There
fore, the discovery of а viaЬle bacillus in Miocene
Pleistocene permafrost at the Mammoth Hill site is 
not surprising. The capaЬility of developing spores 
was known in gram-positive Bacillus, Clostridium, 
Streptomyces, etc. [ Nicholson et al., 2000] and has been 

)f 
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Fig. 1. Isolated strain Bacillus F ( Gram color
ation). 
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recently discovered also in gram-negative microor
ganisms. Thus, spore formation is а widespread sur
vival mechanism which may involve horizontal gene 
transfer. 

Furthermore, we cultured а number of other mi
croorganisms from the Mammoth Hill permafrost 
(Fig. 2, 3) and extracted DNA from some cultures. 
The latter cultures were also exposed to the PCR 
process and 16S ribosomal DNA sequencing, whereby 
the following species were obtained: Planococcus sp. 
Tibet-11Va1, Arthrobacter sulfonivorans, Bacillus mo
javensis,jeotgalicoccus psychrophilus, Psychrob.acter 
pulmonis, etc. Some main Ьiochemical propertres of 
the isolates are listed in ТаЫе 7. 

White mycelium has been found in an under
ground gallery of the Institute of Permafrost (Ya
kutsk) at а depth about 7 m below the ground surface. 
Similar mycelium was reported from the Fox Perma
frost Tunnel in Alaska. The species (strain PF) was 
identified according to its morphology and 18S rRNA 
amplified gene sequence. It is closely related to Peni
cillium echinulatum and may Ье а new species. Samples 
of permafrost were pretreated, together with samples 
of strains Р. echinulatum from the culture bank, and 
incubated at 25, 5, and -5 °С. The strains PF from 
permafrost and IFO 7760 and IFO 7753 Р. echinula
tum showed different patterns of spore formation and 
growth: PF was growing quite rapidly at -5 °С. Note 
that the isolates grew in Petri dishes at -5 °С, both in 
crystallized and supercooled (potato agar) media, 
more rapidly in the former. The strain Penicillium 
echinulatum isolated from permafrost beneath the 
Permafrost Institute in Yakutsk may Ье extant and 
brought from the surface, though being well adapted 
to the cold and feeding conditions of the underground 
gallery. Furthermore, this species can grow in aeroЬic 
conditions only, and its aЬility of growing in perma
frost appears not very realistic. 

Much younger (25-40 kyr) wedge ice samples 
from Yakutia and Alaska contained tens of microor
ganism species isolated with the same procedure [ Ka
tayama et а/., 2007]. Most of those bacteria were 
gram-positive and closely related to Arthrobacter and 
Micrococcus spp. while mycelium was affiliated with 
Geomyces sp. 

In this respect it is noteworthy that the life span 
of the most staЫe variola virus agrees with the esti
mates we obtained ( several hundreds of years) [ Repin 
et al" 2008]. Of special interest are obviously the mi
croorganisms that long remain preserved in cold nat
ural environments [Friedmann, 1994; Katayama et а/., 
2007]. Their longevity may Ье maintained Ьу cornbl
natorial transformations predicted before [ Repin et 
а!., 2008], possiЬly, somehow with participation of 
Ьiocatalytic ribozymes which are staЫe and active at 
subzero temperatures. One may explain the great di
versity of relict microorganisms isolated from the 
25-40 kyr wedge ice [ Katayama et al., 2007] in terms 
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Fig. 2. Cell morphology ofbacterial strains 17 (а) and 40 (Ь) isolated from frozen Neogene sand at Mam
moth Hill (Gram coloration, magn. х1500). 

Fig. 3. Colonies of bacterial strains 6 (а) and 27 (Ь) isolated from frozen Neogene sand at Mammoth Hill. 

of viaЬility coding in plasmid-like moЬile genetic 
structures. 

Thus, the tenacity of microorganisms is hard to 
explain Ьу retardation of life activity in anablosis. If 
bacteria can form spores with almost arrested metab
olism [Nicholson, 2000], the above calculations for 
denaturation, at least DNA, are especially relevant. 
The diversity of DNA damage mechanisms (mety
lation, desamination, apurinization, formation of thy
mine dimmers, cross-links, and breaks) implies, with
in the limits of the given hypothesis, revision to the 
assumed life time of Ьiological macromolecules which 
must Ье ever shorter. The survival must Ье maintained 
Ьу some special repair or conservation mechanisms. 

CONCLUSIONS 

1. А strain of Bacillus sp. was isolated from -3 Ма 
permafrost at the Mammoth Hill site in Yakutia and 
its 16S rDNA sequence was identified; the same per
mafrost samples contained also other microorganisms. 
Younger permafrost (25-40 kyr) contained а large 
group of microorganisms including mycelium. 

2. Low temperatures in permafrost arrest micro
Ьial activity and sustain immoЬilized enzymes. Per
mafrost deposits store invertase, urease, catalase, and 
dehydrogenase. The latter is а membrane-bound en
zyme, is not secreted Ьу bacteria into the environ
ment, and its presence in permafrost may Ье evidence 
of living or dead bacterial cells. 
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ТаЬ!е 7. Biochernical activity of strains isolated frorn fossil perrnafrost at Marnrnoth Hill site 

Strains 
Parameters 

6 13 15 17 20 27 29 30 32 33 34 37 40 F 

Gram coloration + + + + + + + + + + + + + + 

Pigmentation yellow - - - - - - - yellow - yellow - - -

Spore: shape - S,E S,E Е Е Е Е Е - - - - Е Е 

position - с,т с,т с с с с с - - - - с с 

inflated - +/- +/- - - - - - - - - - - -
sporan-
giurn 

Mobllity + + + + + + + + + + + + + + 

Anaeroblc growth + - - - + + - - + - + + + + 

Catalase activity + + + + + + + + + + + + + + 

Oxidase activity + + + + +wk +wk +wk + + +wk +wk +wk - +wk 
Foges-Proskauer - + + + - - + + - + - - - -
test 

Citrate use - + + + + - + + - + - - + -
Nitrate reduction + +gas +gas +gas + + +gas +gas +gas +gas +gas +gas + +gas 
Hydrolisis casein - - - - - - - - - - - - - -

gelatine - + + + + + + + + + - - + + 

amylum - - - - - - - - + + + - - -
Acid glucose - - - - - - - - - - - - - -
formation mannite - + + + - - + + - + - - - -
from 

arablnose - - - - - - - - - - - - - -
xylose - - - - - - - - - - - - - -
lactose - - - - - - - - - - - - - -
mannose - + + + +wk + + + - - +wk - + + 

sorbltol - - - - - - - - - - - - - -
Growthat 2 ·с - - - - - - - - - - - - - -

в ·с + + + + + + + + + + - + + + 
43·с + + + + + + + + - + - - + + 
6.5% +wk +wk + + - - + + - + - - + +wk 
NaCl 

10% - - - - - - - - - - - - - -
NaCl 

15 % - - - - - - - - - - - - - -
NaCl 

рН4 - - - - - - - - - - - - - -
рН5 - +wk +wk +wk - - +wk - + - - - +wk +wk 
рН5.5 + + + + + + + + + + + - + + 

рН8.5 + + + + + + + + - + + + + + 
рН9 + + + + + + + + - + + + + + 
рН 10 - + + + + + + + - + - - + + 
рН 10.5 - + + + + +wk + + - +wk - - + + 
рН 11 - + + + + +wk + + - +wk - - +wk +wk 

ВЕЛ for- ammonia - - - - - - - - - - - - - -
mation: indole - - - - - - - - - - - - - -

H2S + - + + + - + + + + + + - + 

N о t е. S - spherical spore; Е - elliptic spore; С - centric position of spore; Т - terminal position of spore; minus - negative 
reaction, plus - positive reaction, +wk - weakly positive reaction. 
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ORGANIC COMPONENTS IN ВОТТОМ SEDIMENTS FROM ТНЕ LOWER YENISEI, 
ТНЕ GYDA ВАУ, AND ТНЕ КАRА SEA SHELF 

IL.Z. Graninal, IE.L. Goldbergl, V.S. Panov*, N.N. Sushenzeva*, Yu.V. Sryvkina*, T.V. Khodzher 

Limnological Institute, Siberian Втапсh о/ the Russian Academy о/ Sciences, 
3, Ulan-Batorskaya str., Irkutsk, 664033, Russia; khodzher@lin.irk.ru 

* Institute о/ Archaeology and Ethnography, Siberian Branch о/ the Russian Academy о/ Sciences, 
17, Akad. Lavrentieva, NorюsiЬirsk, 630090, Russia; pvs7zeitlos@gmail.com 

Samples of bottom sediments from the Yenisei lower reaches, the Gyda Вау, and the Kara Sea shelf have 
Ьееn analyzed for organic carЬon and nitrogen. The contents of Ьoth organic carbon and organic nitrogen depend 
on the grain size of sediments and are controlled Ьу deposition conditions (sedimentation rates, provenance, 
etc.). The carbon-to-nitrogen ratios (C/N), as well as the carbon isotope composition (о13С), indicate the ter
rigenous component in organic matter to decrease off the shore. The vertical patterns of the same parameters 
have implications for the steadiness of sedimentation. 

The contents and changes of organic components 
in bottom sediments of the Arctic seas can provide 
clues to many issues, such as features of the organic 
carbon cycle in а given area, high-latitude lithogeny, 
paleogeography and past climate change, the contri
bution of the Arctic seas into the current methane 
cycle, etc. [ Romankevich and Vetrov, 2001; Levitan et 
al., 2007; Shahova et al., 2009]. Although many puЬli-

cations on the subject have been availaЫe, any new 
information from the hardly accessiЬle Arctic terrains 
is of special interest. 

Below we report data on bottom sediment sam
ples collected in August through October 2009 from 
the lower reaches of the Yenisei, the Gyda Вау, and 
the Kara Sea shelf. See Fig. 1 for the location map of 
sampling sites and main results. Sixty samples, in-

Copyright © 2011 L.Z. Granina, E.L. GoldЬerg, V.S. Panov, N .N. Sushenzeva, Yu. V. Sryvkina, Т. V. Кhodzher, А11 rights reserved. 
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Fig. 1. Location map of sampling sites in lower Yenisei, Gyda Вау, and Kara shelf, with contents of organic 
nitrogen (Norg) and organic carbon (Corg), Corg/Norg ratios, and carbon isotope composition (о13С/12С) in 
surface bottom sediments. 

cluding six cores from 18.5 to 75 ст long and ten 
samples from the bottom surface, were analyzed for 
the concentrations of organic carbon (С0дJ and ni
trogen (N0 r&2 and for о13С/12С ratios (o13L) relative 
to the VPDtl (Vienna Рее Dee Belemnite) standard. 
The carbon and nitrogen contents were determined 
using gas chromatography with а catarometer ( ele
mental analysis, Euro Vector Acetanilide) to an ac
curacy at least 0.01 % and 0.02 % (standard devia
tions for Narg and С0,8, respectively); о13С was mea
sured Ьу isotope-ratio mass spectrometry, to а 
precision no worse than 0.12 %о (measured on the Al
drich citric acid standard). The results are reported as 
means of two runs for each sample. 

The nitrogen and carbon concentrations vary 
from 0.015 to 0.221 % (Norg) and 0.14 to 2.60 % 
( C0 r8), the range spanning more than an order of mag
n i tuae. The Сот range approaches that in marine 
sediments from rhe southwestern Kara Sea (0.13 to 
2.10 %) [Belyaev et а!., 2010]. The minimum concen
trations are from the bottom surface at а freshwater 
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station (site 24) and the maximum ones are from ma
rine sediments at site 10 (Fig. 1). Bottom sediments 
at offshore sites (7, 9, 10, 22) consist of pelitic mate
rial and, correspondingly, are notaЬly richer in both 
elements relative to freshwater sediment sites. For 
instance, Norg and Corg in the соте of site 9 are more 
than twice tliat in the Gyda Вау cores (Fig. 2). The 
only offshore site with low N0 r& and C0 ri is station 20 
near Siblryakov Island in rather sandy sediments. 
The sediments at freshwater site 24 which contain 
the lowest amounts of Norg and Corg likewise differ in 
а high sand percentage. Tliese results agree with pub
lished evidence of rather high corg in pelitic sediments 
from the relatively deepwater part of the Yenisei Gulf 
(up to 1.85 % [Lein et а!., 1996]) and from the dep
ocenter of the tidal mixing front of river-borne and 
transformed marine waters (up to 2.5- 3.0 % [Kodina 
et а!., 2009]). 

The ratio of organic carbon to organic nitrogen 
(C/N) has implications for the origin of organic mat
ter (ОМ) in bottom sediments. The CjN ratios we 
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Fig. 2. Vertical patterns of organic carbon and nitrogen contents (Corg and Norg) and ratios (C0!8/Noгg), 
and carbon isotope composition ( о13С /12С) in surface bottom sediments of lower Yenisei, Gyda Нау, and 
Kara shelf. 

obtained vary from 8.9 at site 24 to 13.5 at site 26, 
both stations being located within the same Yenisei 
profile. The difference may Ье due to sediment prov
enance. Namely, sediments from site 26, which is lo
cated at the swampy Gyda Peninsula and, especially, 
on the shallower left bank of the Yenisei where most 
of river-borne particulate matter is deposited, contain 
а greater percentage of terrigenous ОМ. The high ter
rigenous input to sediments at station 26 is consistent 
also with the carbon isotope composition (see below). 
The C/N ratios at site 24 are low, possiЬly because 
both organic components (Narg and Carg) are very low 
there (see above). At the other stations, this ratio is 
markedly larger (10.0 to 11.5, see Figs. 1, 2) indicat
ing quite а high percentage of terrigenous organic 
matter. High C/N ratios (12.3) were measured at 
site 13 where organic input is with the relatively large 
Gyda and Yuribei rivers and waters that drain the 
swampy land nearby. 

The C/N ratio commonly increases with depth 
due to leading decomposition of nitrogen-bearing or
ganic compounds. In the cores we analyzed, the 
downward increasing pattern is restricted to offshore 
site 9, where а steady sedimentation is supposed. C0 i:g 

and Narg in the core from site 9 decrease with depth 
while tl:ie C/N ratio grows slowly (Fig. 2). The verti
cal patterns in all other cores are rather chaotic and 
record random changes in sedimentation conditions. 
In the Gyda Вау these changes may Ье associated 
with river-borne and paludal terrigenous fluxes, while 

at offshore station 20 the terrigenous input may Ье 
from neighbor Siblryakov island. 

The maximum and minimum о13С values were 
measured in bottom surface samples. They range from 
-28.5 %о in the lower Yenisei (site 26) to - 26.2 %о in 
the Kara shelf (site 20) (Fig. 2) following the typical 
seaward о13С gradient. Low о13С are known to char
acterize terrestrial organic matter, but isotope data 
from high-latitude regions cannot provide unamЬigu
ous evidence of ОМ genesis [Kodina et al., 2009]. А 
similar о13С of -28.7 %о was reported from the ОЬ 
estuary (Kara Sea) [Kodina et al., 2001]. The seaward 
trend of progressively higher о13С in the zone of Yeni
sei influence (from -27.9 %о о13С in the estuary fresh 
water to -22.4 %о offshore [Kodina et al., 2009]) тау 
result from metabolic activity of heterotrophic micro
organisms in the stratified water column and from а 
notaЫe input of secondary Ьiological production. The 
vertical profile of о13С is quite uniform (Fig. 2). 

Thus, the contents of organic nitrogen and car
bon in the lower Yenisei, Gyda Вау, and Kara shelf 
sediments depend on the sediment provenance. The 
C/N ratios, as well as the carbon isotope composition, 
record а seaward decrease in the terrigenous input to 
organic matter. The vertical patterns of the same pa
rameters indicate steady sedimentation to Ье restrict
ed to а single offshore site in the Kara Sea. Deposition 
in the Gyda Вау occurred at changeaЬle conditions, 
possiЬly, associated with riverine and paludal sedi
ment input. 
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WATER CHEMISTRY AND PHYTOPLANKTON IN ТНЕ GYDA ВАУ 
(КARASEA) 

I.V. Tomberg, A.D. Firsova, L.M. Sorokovikova, N.P. Sezko, 
Т. V. Pogodaeva, Т. V. Khodzher 

Limnological Institute, Siberian Branch of the Russian Academy of Sciences, 
3, Ulan-Batorskaya str., Irkutsk, 664033, Russia; kaktus@lin.irk.ru 

Presented are water chemistry and phytoplankton (abundance and Ьiomass) data from the Gyda Вау, 
an underexplored area of the Kara Sea. Water chemistry varies over the Ьау being controlled Ьу the tributary 
rivers in its southern and central parts and Ьу the Kara Sea in the northern part. Correspondingly, the water has 
extremely low total dissolved solids (32 to 250 mg/l) in the former and а much higher salinity (up to 6600 mg/l) 
in the latter. Phytoplankton consists mostly of diatoms. Its distribution patterns correlate with the seawater 
salinity, the highest abundance and Ьiomass of algae being found in the more freshwater part of the Gyda Вау. 

The Gyda Вау located in the southern Kara Sea 
between the ОЬ Вау and the Yenisei Gulf is а -200 km 
long and -62 km wide gulf that cuts deep into the 
Gyda Peninsula. The sea in the Gyda Вау is rather 
shallow (5-8 m), with many banks. This is an area of 
harsh Arctic climate, with an open-water season 
shorter than 80 days. The Ьау receives water from the 
Gyda (Nyarmesalya) River and other smaller tribu
taries flowing into it from the south [Treshnikov, 
1985]. 

Integrate offshore studies in the Gyda Вау were 
carried out in September 2009. Surface and bottom 
waters were sampled from the more freshwater south
ern part (sites 16-19) and the more saline northern 
part (sites 11-15) ofthe Ьау (Fig. 1). 

Water chemistry was analyzed following the 
classical procedures [ Bordovsky and Ivanenkov, 1978; 
~tzel and Likens, 1991; Baram et al" 1999]. The phy
toplankton samples were collected and studied with 
common hydroЬiological methods [ Utermohl, 1958; 
Guseva, 1959; Kozhov and Melnik, 1978] and with 
scanning electron microscopy ( on а Phillips SEM 525 
microscope ). 

Water chemistry in the Gyda Вау varies over 
the area. Water is of low salinity in the southern part, 
which is fed Ьу the Gyda and Yuribei rivers as well 
as Ьу numerous brooks flowing out of lakes. Total 
dissolved ions measured in samples from stations in 
the middle of the southern profile (17, 18) varied 
from 32 to 56 mg/l, and the ion composition was 

Copyright © 2011 1. V. Tomberg, A.D. Firsova, L.M. Sorokovikova, N .Р. Sezko, Т. V. Pogodaeva, Т. V. Кhodzher, Allrights reserved. 
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mostly of hydrocarbonate and calcium. On the ends 
of the profile, the salinity was slightly higher 
(112 mg/l and 210 mg/l at sites 16 and 19, respec
tively); chloride and sodium ions predominated, pos
siЬly, due to the surface runoff input controlled Ьу 
marine aerosols. The bottom water was 3-5 mg/l 
more saline than the surface water. 

Water temperature varied along the profile from 
9.6 ·с (station 16) to 10.6 ·с (station 19), and рН 
decreased from 7.65 to 7.55, respectively. The dis
solved oxygen contents were similar in the surface 
and bottom waters being 10.88-11.30 mg/l. 

The water samples from the southern Ьау con
tained low Si (0.10-0.15 mg/l) and Р from analytical 
zero to 0.005 mg/l (higher values were measured at 
station 19). The nitrogen contents in nitrate and am
monium compounds were similar at all sites, in the 
ranges 0.10- 0.14 and 0.06-0.10 mg/l, respectively; 
nitrate N was in trace amounts. 

The northern part of the Gyda Вау is under the 
influence of the Kara Sea, which largely controls its 
water chemistry. The рН values measured in that Ьау 
part were higher (7.86-7.95) than in the south; total 
dissolved ions were one or two orders of magnitude 
higher, and the chemistry was rather chloride-sodic. 
In spite of quite а shallow water depth (-10 m) and а 
small temperature difference between the surface and 
bottom layers (no more than 0.3 °С), water showed 
density stratification. Note that steady southern wind 
Ьlowing during the whole period of observations pro
vided influx of fresher and lighter water from the Ьау 
center, which spread in the surface layer of the north
ern Ьау part. The salinity varied from 3100 mg/l 
(site 11) to 5970 mg/l (site 15) in the surface water 
but was higher ( 4700-6600 mg/l) near the bottom. 

Dissolved oxygen at sites of the northern profile 
was more or less uniform in lateral and vertical di
mensions (10.7- 11.15 mg/l). Вiogenic elements in 
the north were higher than in the south. The mea
sured Si contents were the highest in samples from 
the middle of the profile ( 1.75 mg/l) and did not ex
ceed 0.92 mg/l near the shore. As for mineral Р, its 
concentrations Hkewise increased from 0.014 mg/l at 
coastal sites to 0.024 mg/l farther offshore. Note that 
the depth distribution of silica and phosphates did 
not change within а site. Nitrogen occurred in the ni
trate and nitrite forms (up to 0.08 mg/l NОЗ and 
0.003 mg/l N02 ); ammonium N was found in trace 
concentrations in surface water only. 

Phytoplankton in the analyzed water samples 
from the Gyda Вау contained marine and freshwater 
algae species (Fig. 2), and there were some species we 
failed to identify. Most of the identified seventy seven 
species were diatoms (49 %) and green (21 %) or 
Ьlue-green (10 %) algae. Fewer species found at that 
period belonged to cryptophytes (6 %) and dyno
phytes (3 %). 

Fig. 1. Location map of sampling sites in the Gyda 
Вау. 

The freshwater part of the Ьау (sites 16-19) 
abounded in phytoplankton. The highest abun
dances (43 to 36 % of total diatom count) were in 
freshwater species of Aulacoseira - А. islandica, 
А. subarctica, А. amhigue (Grun.) Sim, while the per
centages of marine taxa (Thalassiosira baltica, Т. bra
maputrae, Т. nodenskio/dii, and Cyclotella choc
tawhatcheeana) and spores of Chaetoceros Ehr were 
low (2.0-6.5 % in abundance and 3.5- 17 .О % in Ьio
mass ). Green algae abundances were likewise rela
tively high (15 to 24 % of total diatom count), espe
cially the genera Scenedesmus Meyen, Monoraphy
dium Kom.-Leg., and Pediastrum Meyen. The total 
abundance of phytoplankton in that Ьау part varied 
from 0.495·106 to 1.153-106 and the Ьiomass was 380 
to 871 mg/ m3. 

More saline water ( stations 11- 15) showed more 
depleted phytoplankton compositions, with the abun
dances from 0.009·106 to 0.015·106, and the Ьiomass 
from 7 to 12 mg/ m3. Diatoms were the dominant 
phytoplankton group (55-80 % of total abundance 
and 90- 96 % of total Ьiomass) . The diatom species 
were Тhalassiosira baltica (Grun.) Ostf, Т. bramapu
trae (Ehr.) Hak. et Locker, Cyclotella choctawhatchee
ana Prasad, Chaetoceros decipiens Cleve. There were 
also minor amounts of marine pelagic and neritic arc
toboreal species Т. nodenskioldii Cl., and spores of 
Chaetoceros. The freshwater taxa made up 33-70 % 
and 10-38 % of total diatom count and Ьiomass, re
spectively. They were Aulacoseira islandica (О. Mull. ), 
А. subarctica (О. Miill.) Haworth and Fragilaria cro
tonensis Kitton species, small representatives of the 
Stephanodiscus Ehr. genus and the species Monora
phydium. 
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Fig. 2. Dominant phytoplankton species identified in the Gyda Вау in September 2009. 
а - Тhalassiosira baltica; Ь - Thalassiosira guillardii; с - Cyclotella meneghiniana; d - Asterionella formosa; е - Aulacoseira sub
arctica;f - Chaetoceros decipiens; g - Aulacoseira islandica; h - Cyclotella tripartita; i - Тhalassiosira sp.;j - spore of Chaetoceros; 
k - Cyclotella choctawhatcheeana; l - Stephanodiscus minutulus. 

Thus, the water salinity in the Gyda Вау increas
es in the northern direction, being fresher in the 
southern part of the Ьау at the account of inflowing 
hydrocarbonate-calcium riverine water. The coastal 
water is enriched in Cl, Na, and Mg ions. The north
ern Ьау part influenced Ьу the Kara Sea has more sa
line water, with chloride-sodic chemistry. 

Out of seventy seven identified phytoplankton 
species of marine and freshwater algae, 49 % are dia
toms. The fresher southern part of the Ьау has а 
greater phytoplankton Ьiomass but lower concentra
tions ofblogenic elements than the more saline north
ern part. The water of the Ьау is well aerated in the 
ice-free seasons. 

The study was carried out as part of Project 20.7 
("Integrate studies of the Arctic shelf. Permafrost and 
Arctic shelf in а changing climate; staЬility of ecosys
tems and gas hydrates; organic matter disposal") of 
Program 20 of the Presidium of the Russian Academy 
of Sciences. 
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Microblal Ьiota was studied in samples of water and bottom sediments from the Kara Sea and the Yenisei 
estuary collected in August through October 2009. The study included estimating the abundances of organo
trophic, psychrophilic, and hydrocarbon-oxidizing bacteria, as well as spore-forming Bacillus genus. Bacillus 
made up 41.3 % of the total Kara Sea organotrophic community in the water and surface sediments and 54 % 
in the Yenisei. Hydrocarbon oxidizers isolated Ьу filtering were the least abundant in the Yenisei estuary and 
the most abundant along the Dikson Village - SiЬiryakov Island profile. The abundances of microorganisms 
in bottom sediment samples were two orders of magnitude higher than in the water, psychrophiles being the 
dominant group. 

The necessity for studying the Ьiogeochemical 
activity of microЬial GOmmunities in the Kara Sea 
permafrost ecosystems has been increasingly evident 
with the progress of petroleum exploration in the 
Arctic shelf. 

The earliest microЬiological research in the Kara 
Sea was undertaken in 1935 Ьу B.L. Isachenko and 
V.S. Butkevich [Isachenko, 1951; Butkevich, 1958] 
who revealed microorganisms in the seawater and as
sessed their Ьiomass, having noted low abundances of 
saprophytes (103 to 104 cells/ml). Later estimates 
gave similar abundance values [Kriss, 1959, 1976]; 
higher numbers of bacterial cells were found in the 
southwestern Kara Sea in 1981 [Teplinskaya, 1989]. 
The total bacteтial abundance in the Kara Sea was 
measured to Ье n103 to n104 cells per milliliter, which 
is an ordeт of magnitude loweт than in otheт Arctic 
seas [Saliot et al., 1996]. In 1993, а team from the In
stitute of Micтoblology (Moscow) investigated the 
Kara Sea and the Yenisei and ОЬ estuaries [ Mitskev
ich and Namsaraev, 1994] in terms of bacterial abun
dances (which was from (2-3)·103 to (250-280)-103 

cells in а ml of seawater) and сатЬоn and sulfur cycles. 
Моте data on bacteтial abundances and pтoduction in 
the Kara Sea and the Yenisei and ОЬ estuaries col
lccted in 2001 was repoтted in [Меоп and Атоп, 
2004]. Hydrocarbon-oxidizing bacteria in the Central 
Aтctic were fiтst studied Ьу VV. Ilyinsky and his col
leagues and were detected in very low abundances 
(no more than 1000 cells per liter) [Ilyinsky, 1995]. 

The objective of this study was to assess the 
abundances of different bacteтial groups ( oтgano
trophs, psychrophiles, hydтocaтbon oxidizers, and 
spore-forming Bacillus genus) in the wateт and sur
face bottom sediments of the Kara Sea shelf and the 
Gyda and Yenisei gulfs. 

Microoтganisms were studied in water and sedi
ment samples collected during а cruise on R/V 
Sovetskaya Arktika in August through October 2009, 

at 13 stations on the Ката Sea shelf (Fig. 1, а) and 11 
stations in the estuary and loweт reaches of the Yeni
sei (Fig. 1, Ь). 

The cultivaЬle microblal community on the Kara 
Sea shelf (Fig. 1, а) sampled at stations along the pro
file from the Саре Kuznetsovsky to Dikson Village 
(W1-6) consisted mostly of psychтophiles which 
were four times mоте abundant than organotrophs. 
There were two distтibution patterns at the six sam
pled stations. Psychrophiles had greateт abundances 
in the bottom water than near the surface at stations 
W1-3: 113 against 17 colony-forming units ( cfu) рет 
milliliter, in spite of а small water temperature diffeт
ence. At stations W 4-6 located closer to Dikson they, 
on the contrary, decreased depthwaтd from 191 to 
34 cfu/ml as the water temperature fell to 1.5 ·с and 
the salinity increased to 26.3 %о near the bottom. The 
abundance of organotrophic bacteria \\·as \\'ithin 
45 cfu/ml. Hydrocarbon oxidizers and Bacillus in 
water samples along the Саре Kuznetsovsky - Dik
son profile were, respectively, 23-600 cfu/100 ml and 
3-33 cfu/ml ( the gтeater numbers near the bottom in 
both gтoups). 

А different structure of the microblal community 
was observed at stations W7-9, 20-22 (Kara Sea 
shelf) and W23 (northern end of Yenisei Gulf) 
(Fig. 1, а). Specifically, organotrophs (up to 
2132 cfu/ml) were more abundant than the otheт mi
croblal groups. The total bacterial abundance was the 
highest at W20, with dominant organotrophs, psy
chrophiles, and Bacillus (2132, 2304, and 686 cfu/ml, 
respectively) (Fig. 1, а). Hydrocarbon-oxidizing bac
teria were detected in large numbers in the Kara Sea 
shelf seawater from stations W5, 7- 9, the highest 
being 1200 cfu/ 100 ml in bottom water at W7 
(Fig. 1, а). 

Water in the lower Yenisei River contained abun
dant psychrophilic bacteria (Fig. 1, Ь) at all stations 
except W28, 29 on the Karepovsky - Саре Doro-

Copyright © 2011 M.Yu. Suslova, V.V. Parfenova, O.N. Pavlova, Т.Уа. Kostomova, А.Р. Fedotov, АН rights reserved. 
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Fig. 1. Distribution of microblal groups in Kara Sea shelf (а) and Yenisei Gulf (Ь), in surface water. 

Microorganisms: 1 - organotrophs, 2 - psychrophiles, З - Bacillus genus (cfu/ ml); 4 - hydrocarbon oxidizers (cfu/ 100 ml). 
W1-W34 are station numbers. 

feevsky profile where mesophile organisms had 
slightly greater abundances. The average abundances 
of organotrophs and psychrophiles were, respective
ly 408 cfu/ml and 550 cfu/ml. Bacillus genus 
constituted 54 % of the organotrophic community 
(Fig. 1, Ь). Hydrocarbon oxidizers were present in all 
samples of surface water in the profile across the Bai
kalovsky broadening (100, 200, 300 cfu/100 ml), 
while did not exceed 30 cfu/100 ml in all other sam
ples (Fig. 1, Ь). 

The bacterial abundances in bottom sediments 
were estimated in samples from five stations of the 
Kara Sea shelf (W7, 9, 10, 20, 22) and the Sopoch
naya Karga - Саре Narzoi profile (W24-26), and 
were found to Ье two orders of magnitude higher 
than in the water: from 17·103 to 220-103 cfu/g. Psy
chrophiles were rather abundant both in the Kara 
shelf ( (54.5-220) · 103 cfu/g) and in the Yenisei 
( ( 54-73) · 103 cfu/ g). Н ydrocarbon-oxidizing bacteria 
had greater abundances in the shelf than in the river 
sediments (3.7·103 cfu/g against 0.45·103 cfu/g). 
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Generally, the microЬial community was the 
poorest in water samples from the Yenisei Gulf- Dik
son profile (W1-7), with organotrophs, psychro
philes, and Bacillus no greater than 45, 191, and 
33 cfu/ml, respectively. The highest abundances of 
these groups were measured in the Kara Sea between 
Olenii and SiЬiryakov islands. The percentages of 
spore-forming Bacillus relative to the total abundance 
of organotrophs were, respectively, 54 % and 45.5 % 
in the water and bottom sediments of the Yenisei and 
41.3 and 41.1 % in the Kara Sea. The spores were 8 % 
in the water but as high as 7 4 % in the sediment, i.e. 
bottom sediments act as а spore-storing substrate. 
The highest abundances of hydrocarbon oxidizers 
were measured in seawater from the Kara shelf at sta
tions of the Dikson - Siblryakov Island profile ( up to 
1200 cfu/100 ml) and decreased progressively away 
from the open sea to no more than 30 cfu/100 ml in 
the Yenisei water. All analyzed microblal groups had 
greater bottom sediment abundances in the shelf than 
in the river. 
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Thus, an active microЬial community lives in the 
Arctic area of the Kara Sea shelf and the Yensiei estu
ary. Microbes of all groups we studied have been 
found in all samples, the psychrophiles which grow at 
4-6 °С being the most abundant. The growth of psy
chrophilic bacteria, both in water and in bottom sedi
ment, is maintained Ьу low-temperature conditions, 
as well as Ьу large organic fluxes carried Ьу the river. 
The shelf-estuary transition where fresh and saline 
water are intensely mixing is favoraЫe for growth of 
microorganisms being а zone of rapid accumulation 
and recycling of organic carbon. This inference fol
!ows from the estimated abundances of microorgan -
isms that can recycle both digestiЬle ( organotrophs 
~nd psychrophiles) and non-digestiЬle (spore-form
шg and hydrocarbon oxidizing bacteria) organic mat
ter. The presence of hydrocarbon oxidizers provides 
evidence for hydrocarbon input into the waters of the 
area and for self-cleaning in the ecosystem, which is 
also consistent with the predominance of Bacillus ge
nus which participate in bacterial destruction of non
digestiЬle organic compounds, including hydrocar
bons. The abundances of hydrocarbon oxidizers are 
the highest especially in the water near Саре 
Kuznetsovsky. 

T_he reported study has been the first step in dis
coverшg the microЬial diversity in the Arctic to 
bridge the gap still existing in the knowledge of mi
croЬial life in the cryosphere. 

The study was carried out as part of Project 20. 7 
of the Russian Academy of Sciences. 
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T l1e specificity of seismic souпdings iп fгozen gгound is defined Ьу the featuгes of t l1 e pe rmafrost- гe lated 
wavefield . Accoгdi ng to yeaгs -l ong expeгience of t l1 e au t l10гs, shear-1vave surveys 1vith t l1e use of t he SH phase 
аге an effi c i e п t tool to stucly uпfгozen layers (taliks) above peгmafrost and t l1 e subsшface stгuctшe . Join t use of 
compressional and s hea г velocity data is 1vо гkаЬ!е in estimati ng the state апd pгope гt i es of fгоzеп gгotmd . 

INTRODUCТION 

Th e permafrost-related seismic >vavefield, espe
cialJy t hat of soft sediments, has а пumber of specific 
features. They resнlt fгom t he seismic and li thological 
h ete гogene i ty of t he sect ion and its vaгi atioпs in 
space апd t ime associated with seasoпal tempeгatuгe 
clыnge and otl1eг factors. The vvave patterns may Ьеаг 
pгomiп ent гetl ection contгasts and velocity гeveгsa l s . 
Мапу sectioп s co mpгise а sha1l o1v-ly i пg t l1i п layer 
vvitЬ Ьigh se ismi c ve locit ies. Su ch l ayeгs may Ье sea
soпally fгоzеп gгoнnd, frozen соагsе soil , ог pavement 
(concrete о г aspl1alt) vvi tmл шЬаn or iпdнstгia l а геаs. 
These l ayeгs pгoduce 1relocity гeveгsa ls in the seismic 
sectioп [ Skv01tsov, 2005] апd санsе tЬ е гespect i ve dгa
matic changes to tЬе SH (l10гizoп ta ll y po l a гi zed) 
sl1ear-wave field. Tl1e geocгyo logi cal seismic sectioпs 
of tЬ is kind [Skv01tsov, 1997] геqнiге special acquisi
tion metlюd s. T l1e awareness of tl1e peгmafгost speci
ficity can make basis fог t he арргоргiаtе choice of 
techпiqнes апd is а preгeqнisite of tЬе i г effici eпcy. 

Seismic suгveys in peгmafгost ha1re тапу obj ec
tives [Melnikov et а!. , 2010] t l1at belong to tЬree maiп 
gго нрs: (i) estimat i пg t he depth to tЬе peпn afгost 
tаЫ е , (ii) imagiпg t he sect i oп stгн cture , апd (iii) 
study i пg t l1e state and pгope гti es of fгоzе п gгонпd . 

ESТIMAТING ТНЕ DEPTH 
ТО ТНЕ PERMAFROST TABLE 

Tl1e depth to t l1e peпnafгost tаЫ е is estimated iп 
t l1e cou rse of co11toшi11g natшal авd maв-caнsed lay
e гs of нnfгоzеп gгouпd (ta liks) апd measшi ng tЬеiг 
t l1i ckпess, wl1icЬ тау Ье teпs of шеtегs . 

Tl1 e proЬlem is sL1 ccessfi.1 ll y геsо ] ved wit l1 re fгac 
t ion suптeys commoн ly нsed iв sЬ a llow scismic expJo
гatioп in laпd сопd i tioп of а 11or111al seismic sect i o п 
[Skv01~tso v, 1997]. Ho1ve\leг, P-1~rave гefгaction shoot 
iпg is роогlу appli caЫe to permafгost sect i oпs because 

some laye rs may гemain нпгeso l ved [Tsaгev et al., 
20 10] . ТЬе missed layeгs , ofteп а zопе of full hydгau
li c satuгation , iл tгоdнсе laгge епогs ( up to 40 % ог 
тоге ) to tЬе estimates of ta li k thi ckл ess (Fig. 1, а). 
Higheг гeso lн tioп in t ms case сап Ье acme\led vvit l1 
SH гefractioнs [Ponomareva and Skvoгtsov, 2006]. 

А stШ betteг al teшati1re is to нsе а speciaJ t ech
пi q ue of l1i g h - гes o l L1tioп sh ea r-wa\le 1· efl ect ion 
(SWR) p1·ofiliпg >vit h SH phases des i gп ed at t he Iп
stitL1te of EaitЬ' s Cгyosph ere (Тунmен). T l1 e phe
пomenological backgгound of t he нevv metlюd coп
sists iп dгamati c chaпges of t he SH \vavefield iн cases 
of velocity reve rsaJ [Skvoтtso v, 2005]. Tlшs th e re
spect ive гefl ecti oпs fгum sl1allo>1r (fevv шеtе гs) iп te г
faces Ьесоте гесогdаЫе at сегtа iп fa11oraЬle coпdi
t ions [ Snegiтev et al., 2003]. 

See Fig. 1 for so me exaшp l es of гe fi·act i on а пd 
SWR data L1sed to predict t he geometгy апd t hi ckп ess 
of man-caнsed опshоге ta li ks. 

Stнdying inпer-she lf taliks (sl1allo\\' wateг, t idal 
zоп е ) has gained еvе г тоге i mpo rtaпce late ly vvit l1 
t he de11 elop111eл t of t he Aгctic shelf, Ьн t th eгe 'Nеге по 
арргорг iаtе acqL1is it io11 methods t ill гесепt l у. 

Researc l1 iп tЬi s liнe l1 as Ьее п гнп at t l1 e Iп st i 
t ute of ЕагtЬ ' s C 1·yosph eгe s iнce 2006 [Skvortsov et 
al. , 2007а, Ь; Sadurtclinov et а!. , 2009] . Tl1e s l1elf sec
t ion was fouнd онt to bear а t Ьi ck L1пdeгsatuгated 
l ауег belO\\' t he gI"Oнnd suгface in vv hich 1vateг satu ra
t ioп of гoc k.s is imped ed Ьу епtга рреd а iг. Tl1 e lауег 
t l1iclшess is Ьig l1l y vaг i aЬl e апd сап геасh 2 m ог 
пюге. P-1~rave sшveys аге of.teп i пappl icaЫ e iн tl1i s 
case as tЬ еу сап pro\lide ассерtаЫ е гesolн t i o п on ly 
oll ts id e t he t id al zоп е . As t l1e availaЬle expe гience 
slюws, t he P-vvave method has t he same limitati ons 
a lso iп lakes апd г i \leгs 1~1it l1iл or outside the peпn.a
frost zone. 

Оп tЬе otl1eг l1 and , SH suг\leys аге vvorkaЫe in 
estimatiнg t l1e d eptЬ to tЬе peгmafгost tаЫе und eг 
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Fig. 1. Examples of contouring man-caused unfrozen layers with the use of refracted (а) and reflected ( Ь) 
SHwaves. 
а: Мiгпуi ; Ь: Noгilsk ; I-I р апd I-I5н аге cl eptЬ s to реплаfгоst sшface estimated \vitli coшpгess i oпal ( Р) а пd sl1 ea г (5) waves, гespcc
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Fig. 2. Examples of contouring unfrozen layers in inner shelf with the use of refracted (а) and reflected ( Ь) 
SHwaves. 
а: Yalllal, Саре Kameпnyi ; Ь: Рес!юга n10L1 tl1, Eolvansky site; V0 is Sf-1 velocity iп ш1fгozen lауе г ; Vg.- is iп te гface SI-I velocity at ре г
шаf'гоst sшface. 

shalJow vvater. Shallo\v iнterfaces аге гeso lvaЬle with 
гefгacted waves (Fig. 2, а) , but dеерег ta liks аге bet
teг гesolved witl1 SHгeЛectioпs (Fig. 2, Ь). 

Special metlюds a11d techнology of bot tom s 11г 
veys 11а,1е Ьееп de \тe l oped addi t ionally fог offslюre 
sшvey. 

IMAGING 
ТНЕ PERMAFROST SECTION 

When soundiпg fгozen gгound , one lыs to Ьеаг iн 
miпd t l1e specificity of its sei sшic sectioн, нашеl у, tl1e 
ргеsенсе of выну pгomiпent inteгfaces апd velocity 
гeveгsals, inclнdiпg those пеаг the perшafrost sшface . 
111 tl1ese co11ditio11s, гefгaction shootiпg is ofteл diffi
cult ог impossiЬle, апd гeflect ioн sшveys Ьесоте а 
better choice [Malkova et а!., 2008; Skvo1tsov et al., 
1992, 2009], especially, SH геЛесtiонs. Tl1e abseпse of 
coпveгted vvaves make t l1 e SH vvave fi e ld siшpleг to 
pгovide шше геliаЫе se isшic data [ Skvo1-tsov, 2001] . 

Summeг acquisition iн fгоzен gro1шd faces diffi
cнl ties associated vvitl1 th e active layer, especially if 
t l1e thaw depth is шнltiple of the waveleнgth. 111 t l1e 
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Fig. 3. А high-resolution SWR cross section near а 
kimberlite pipe in Yakutia. 
1 - а гe tl ect i o п fго111 jL1гass i c clay sшface at deptl1 abollt 55 lll ; 
2 - Oгdov i ciaл lilll estoпe sшface at а deptli of 80-90 111 \11it l1 а 
! оса! lo\v \Vmcl1 1п ау Ье а tгар fог рlасе г d ialll o пd . 
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l a tteг case, t l1e \Va\refield Ьеагs iлte п se геvегЬегаtiол 
mL1 lti-cycl e \vaves [ Slгvoitsov, 2002] , апd гe fl ect i oлs 
fгот seismi c i пte rfaces >v i truл permafгost become ill 
гesolvaЬle. At shallow thaw depths, re flectioп s аге ге 
согdаЫе if t l1e sошсе is placed on tЬе peпnafгost S LIГ
face [ Skvortsov et al., 1992]. Fог tbls геаsоп , it is рI"еf
е га Ь! е to image the stгuctL1гe of fгоz еп gго uп с\ in 
>v iпteг seasons to avoid thaw effec ts. Betteг гes L1 l ts 
аге obtai11ed if 1авd m easuremeпts \vit l1 t he SWR 
metЬod а ге cl1ecked agai пst dovvпЬo l e veгt i cal se is
mi c profi ling (VSP) \vЬ еге possiЬle . 

Figн re 3 preseвts ап exam ple реппаfгоst sectio п 
to а deptl1 of 100 m co llected wi tЬ SWR pгofiliпg 
апd checked agaiнst VSP data l SkvoYtsov, 2005]. 

STUDYING ТНЕ STATE AND PROPERТIES 
OF FROZEN GROUND 

Co111p1· css i oп a l- а пd s hea г-v\rave veloc ity data 
!1ave impl i catioнs fог elastic p гopeгt i es, stгe ngtl1 , апd 
st гaiп of rocks, i п cludiпg fгоzеп gгou пd . 

In t l1 e latt er case, t l1ere is а se paгate ргоЫет of· 
esti matiлg tЬе degree of peгmafros t " slнgg i s lшess ", 
fог " 'hich а п арр гоасh based 0 11 Po i ssoп ' s гatio pat
teгп s was suggested iп [Melnikov et al. , 20101. 

Poisson's ratios iп fгоzеп saпd -c l ay sedl111e11ts at 
а lovv sa l i пi ty of роге flнid а 1·е knowп to 1·a11ge be
tvveeп 0.25 and 0.40 depeпdiпg on t l1e gгa iп -s ize com
pos i t ioп Ьн t сал геас!1 0.4 7- 0.50 iп wate г-satшated 
нлfгоzеп s edimeпts . TllltS, Po i ssoп ' s 1·atio сап Ье а 
ргоху of s lнgg i s hпess associated vvit l1 t he а111о н11t of 
нпfгоzеп vvateг. 

Acco гding to OLtr гesнlts , j oiп t aп a l ys is of veloc
ity patte гпs ал d ve loci ty гatios can pгovide гe l ia Ьl e 
cst imates of peпn afгost s lнggis lшess . Тl1е геfо ге, tЬе 
sнggested approacl1 is a pplicaЬl e to detect c гyopegs 
( briп e lenses) алd zoпes of blgЬ-saJin i ty ро ге flu id. 

CONCLUSIONS 

T l1e cJ1 oice of seism ic acqнi sit i o п met hods a11d 
teclшiqu es sЬould stem from kп ovv l edge of wavefi eld 
specificity >v i tЬiп tЬ е stн dy агеа . 

S нpгa -peпnafгost Llllfгoze п gгoLшd , iпc lLJdi пg 
that нnde 1· sliallovv vvateг, is гeso lvaЬle Ьу SH геfгас 
tiо п seismi c sшveys iл t l1e case of а пorma l ve locity 
profil e bLt t SH re fl ect ioл s аге mоге effi c i e п t i п t l1c 
ргеsенсе of' velocity re\rersals. 

HigЬ - гeso1нtioп s l1 eaг-\vave геЛ есti о п (SWR) 
pгof'iling \vit l1 t he use of SH pЬases is ап advaпtageou s 
tool for stLid ying tЬ е stгLi ctLIГe offrozeл gгo LJпd . 

Jo iп t aп a lys i s of ve locity patte гп s апd veloc ity 
гatios (Po issoп' s гatio) i нsefLI 1 to estimate t l1 e elas
tic coпsta n ts аш\ t l1e state of peпnafros t. 

Tl1e stнdy vvas sнppoгted Ьу gгaп ts 08-05-0042 l a 
and 06-05-79071 -k fгот tЬе Rнss i an Foнndatioп fо г 
Bas ic Resea rc Ь алd gгaл ts fгom t l1e Тушпел Ргоv iпсе 
Academy. It v\ras caпi ed онt as ра гt of Ргоgга 111 20 of 
the Rнss ia п Academy of Sciences, Ргоgгаш 11 of t l1e 
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EartЬ 's Sci e п cc Depa гtm eл t of RAS, а пd Progгam 
122 of t l1e Sibe гian Вгалс l1 of tЬ е RAS. 
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ADVANCED THERMOLUMINESCENCE DATING OF PERMAFROST: 
А NEW APPROACH 

V.S. Sheinkman, V.P. Melnikov 

Institute of Earth 's Cryosphere, Siberian Branch of the Russian Academy of Sciences, 
РО Ьох 1230, Туитеп, 625000, Russia; vlad.sheinkman@mail.ru 

Precise age determination is an important tool to study frozen ground as it can Ье used, through extrapo
lation, to reconstruct the history of permafrost and to predict its future evolution. However, precise dating is 
difficult Ьecause the classical age methods designed for а narrow time span and а limited number of rock types 
are inapplicaЬle to permafrost. Having compared several recent techniques, we selected advanced thermolumi
nescence dating as а procedure Ьest appropriate for frozen ground. The present paper concerns with the dating 
technology, advantages of the new approach, and testing results. 

The formation of permafrost was associated with 
climate change reflected in the sequence of Quater
nary events. Deciphering the rhythms of the process 
is а key research objective which requires good chron
ological ties. The age ties provide indispensaЫe refer
ence for reconstructing milestone events as an outline 
for the past history and possiЬle future of permafrost. 
Yet, getting this data is not so easy for technological 
limitations in the standard dating methods. With the 
aim of improving the instrumental facilities for per
mafrost studies at the Institute of Earth's Cryosphere 
(Tyumen), recent age methods have been inventoried 
in order to extend the scope of rocks and related 
events fit for dating. As а result, advanced thermolu
minescence (TL) dating was selected as the best ap
propriate procedure for frozen ground, which was 
tested on different objects in Russia and abroad 
[Sheinkman et а/., 2001, 2011; Sheinkman, 2002а, Ь; 
Shlukov and Sheinkman, 2002, 2007). 

The advantages of the new approach become 
clearer when compared with other methods of perma
frost dating analyzed in their specificity. This speci
ficity is often poorly understood, which brings about 
errors in the inferred chronology and makes interpre
tations ever more proЬlematic, the availaЫe dates of 
many permafrost complexes being few and controver
sial. There are several reasons for this situation. Dat
ing implies identifying а physical process the rocks 
have undergone and, thus, selecting the respective 
proxy to Ье plotted in time series. However, people 
who study the physics of the process тау Ье unaware 
of permafrost formation details while those who use 
the age data rarely look into geochronological tech
nologies far enough to update them. 

Rocks are commonly dated proceeding from ra
dioactivity, which is employed in different ways in 
two large groups of age methods based on radiometry 
or dosimetry. The two differ in the dating principles 
and in sampling procedures. The radiometnc tech
niques stem from radioactive decay of а radionuclide 
timer in а certain closed system when the concentra-

tion of the progeny indicates how long the timer has 
stayed in the system. For instance, the decay of 14С 
accumulated in organic matter allows quite exact 
timing of organic-bearing rocks, but within а limited 
span of 40-50 kyr Ьу the common procedure or up to 
70-75 kyr Ьу accelerator mass spectrometry (AMS) 
which appeared not long ago. The AMS technique is 
applicaЬle to other radioactive elements as well but 
these can provide only implicit evidence for the age of 
permafrost. Accumulation of 10ве and 26Al on the 
surface (а few mm layer) of quartz-bearing bedrock, 
for example, can measure the time when the rock was 
exposed on the surface and thus record the respective 
events. Note that these time spans are already as long 
as hundreds of thousand or millions of years. Yet, the 
radiometric dating instruments are expensive and so
phisticated. That is why, although being highly pre
cise and easy in the required sampling, radiometry is 
of а limited use for frozen ground where timer radio
active elements are scarce. 

The methods of dosimetry, among which is the 
one we describe, make an alternative to radiometry as 
they employ radioactivity in а reverse way. Instead of 
the decay products left in rocks, dating is against the 
amount of radiation dose the minerals have absorbed, 
i.e., measured is the gain of radioactive energy rather 
than its loss. Most techniques are based on stimulated 
luminescence (thermally stimulated luminescence in 
our case) of uЬiquitous timer minerals, commonly 
silicates, for the age spans of hundreds of kyr. In the 
case of frozen ground, however, there is а pitfall of cli
mate noise the silicate timers being highly sensitive 
to environment changes. 

After а number of experiments, we have found 
out how to avoid the negative effects in dating per
mafrost without loosing the advantages of the ther
moluminscence technique. In the TL method, lumi
nescence is stimulated in minerals which can Ье both 
dosimeters and luminophors and, when heated, can 
re-emit as light the previously absorbed energy from 
external radiation fields. Bearing in mind that the 
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earlier obtained ages of many dosimeter minerals may 
Ье wrong, our primary objective was to select the 
most reliaЫe timer mineral. It was quartz, which 
stands out against other minerals in its well-defined 
lattice, chemical staЬility, high strength, and uЬiqui
tous occurrence in almost any rock. Its pronounced 
and explicitly documented properties can provide а 
realistic time reference for most of the objects of our 
interest. 

Quartz shows low luminescence at temperatures 
about 150-400 °С. The process is as follows. Quartz 
absorbs radiation at the account of free electrons re
leased upon its bombardment with radiation prod
ucts, especially gamma quanta. Having gained addi
tional energy from the у quanta, electrons in the va
lence shells become excited and some escape from 
their places leaving а positive hole charge. The escap
ing electrons wander over the molecule for some time 
( and this time characterizes the metastaЫe state of 
the molecule ), but there are positively charged sites 
other than the hole carriers: the capture sites or elec
tron traps. The free electrons tend to recomЬine ac
cording to the tendency of the electron ensemЬle to 
return to its stationary state: some move back to the 
valence shell when they meet holes but others fall 
into traps to Ье taken up. 

Traps with high capture energy ( deep traps) in 
the timer mineral become at some point emptied and 
then recharged from the amЬient radiation in а newly 
formed rock. This process can Ье diagnostic of the 
time the timer mineral stays in the rock, i.e., can Ье 
used in dating the latter. The traps, which are con
trolled Ьу the lattice structure, may Ье hard to recog
nize. Quartz is а good timer mineral as it has been 
well studied, and traps are easily spotted in its regular 
lattice. According to our experience [ Sheinkman, 
2002а; Shlukov and Sheinkman, 2002, 2007], electron 
traps in quartz are staЫe and appear to arise at vacan
cies left Ьу oxygen anions. For various reasons, quartz 
originates with а certain number of oxygen vacancies 
and, if oxygen anions are absent, positive charges 
form in their place with а capture energy about that 
of the hole charges in the valence shells. This is the 
main type of electron traps in quartz. 

On heating to high temperatures, electrons 
leave the traps with emission of photons (light quan
ta), and this luminescence shows up clearly as а peak 
at about 300 °С. (There are also smaller traps in 
quartz, but they are less important). In other words, 
the energy the mineral can store in electron traps can 
release upon heating while the equivalent light sum 
can Ье measured and assigned to traps of а certain 
type. 

The following objective consisted in choosing 
the procedure for estimating the energy stored Ьу the 
dosimeter mineral. However, before we had to solve 
the sampling proЫem because its previous rules could 
not provide reliaЫe dating. 
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In our case, the sampling rules were determined 
empirically and subjected to statistical checks to 
avoid random signatures. That required dramatic 
methodological changes, namely, using mass sampling 
instead of collecting few single samples and develop
ing special techniques for treating large quantities of 
sampled material. 

Note that frozen ground is а particular object, 
and TL analysis should Ье applied with regard to all 
minute details of sedimentation. The exposure time of 
the timer mineral is commonly estimated from TL 
peaks corresponding to the amount of energy (radia
tion dose) the mineral has received and the activity of 
the radiation field in the analyzed rock. This seeming 
straightforwardness and the tendency of simplifying 
the sampling procedure led to controversy, because 
the rules of TL sampling actually should Ье very 
strict. That is what we have found out. 

First, sampling and measurements of radioactiv
ity should Ье performed in situ, in а monolith Ыосk of 
rock, at least 1.2-1.5 т below the surface (length of 
gamma-ray tracks), with regard to possiЬle migration 
of moЬile radionuclides along cracks. The simplified 
procedure accepted earlier, with sampling near the 
ground surface, without in situ measurements, and 
calculation from the element abundances in а sample 
[Aitken, 1985] will not do. А sample receives amЬient 
radiation from а piece of rock as а whole ( up to sev
eral tons), in which radioactive elements are random
ly scattered, but the rock Ыосk is too Ьig and heavy 
to Ье collected as а sample; otherwise, taking into ac
count the scatter of radionuclides in it is unrealistic. 
Yet, that standard procedure has been still in use, and 
we held а special experiment to estimate the error it 
may run. Samples were collected from different 
depths and the earlier simplified sampling procedure 
turned out to give tens of percent greater scatter of 
ages than the one we suggest. 

Second, one has to bear in mind that only care
fully Ыeached (quasi-zeroed) sediments containing а 
timer mineral are fit for dating. It means that the 
electron traps should Ье as empty as possiЬle before 
the timer mineral becomes buried; only since that 
time on, the absorption of а new radiation dose in the 
sedimenting material will Ье the age criterion, and 
only then the dosimeter mineral can become а timer. 
There are two main ways ofЬleaching. One is Ьу heat
ing the timer mineral to above 300 °С, which allows 
dating to Ъе applied to objects stored in permafrost, 
such as baked pottery, deposits affected Ьу forest fires 
or hot lavas before burial, etc. The other way to emp
ty electron traps in quartz is uniform UV radiation, 
which means а possiЬility of TL dating on aeolian 
sand previously exposed to the sunlight or on fine
grained deposits washed in the alluvium of river spits 
and deltas. 

Third, TL dating is applicaЬle to rocks in which 
the radiation field is staЫe. This field is produced 
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most1y Ьу U- and Th-series isotopes, as we11 as Ьу 4ок, 
with their ha1f-1ives far longer than the age of the 
dated rocks (of the order of many hundreds of kyr). 
Neverthe1ess, the stahility of the radiation source 
does not necessarily mean the stahi1ity of radiation 
the timer mineral has been exposed to, because some 
filters may arise from time to time between the min
era} and the source. А part of radiation may Ье inter
cepted Ьу water fi1ms that coat mineral grains and, 
being either present or absent, can change the dose. 
On the other hand, one may Ье positive only about 
the radioactivity measured at present, i.e., one has to 
Ье sure the values may Ье extrapolated safely to the 
greatest part of the dated period. Therefore, only the 
rocks that have not experienced significant changes 
in ice and water contents are suitaЫe for TL dating, 
namely, rnonolith permafrost outside the active layer. 

Fourth, no correction can allow for а11 wrong es
timates of radiation received Ьу the timer mineral. 
Spike dates always occur and can Ье leveled out only 
through rnass samp1ing and statistical checks, which, 
being too curnbersorne [Frechen and Dodonov, 1998], 
have been rarely applied in the standard dating pro
cedure [Aitken, 1985]. Furthermore, shortcomings 
have been found also in the basic principles of the lat
ter [Shlukovetal" 1993]. 

Dating irnplies cornparing signals frorn а sample 
which has absorbed rnost of radiation energy with 
those frorn test Ьleached samples. Bleaching (conven
tional datum) is quite sirnple: one has to expose а 
sarnple to UV light. However, recharging has been 
commonly done with laboratory high-energy radia
tion for the sake of rapidity. Our experirnents showed 
that the intense radiation as short as а few days and 
the slow natural radiation in low fields for thousands 
of years are quite different in their effect on dosimeter 
rninerals. The reason is that the natural TL kinetics 
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turns out to Ье second-order, as it was revealed ex
perirnenta11y [ Shlukov and Sheinkman, 2002, 2007], 
instead of the theoretically predicted first-order ki
netics which was assurned а priori in the traditional 
TL dating technology and Ьiased strongly (up to sev
eral tirnes) the dates. 

The kinetics of lurninescence concerns with laws 
of its buildup and decay in luminophor rninerals. Lu
minescence is defined Ьу the probability of uptake 
and release of photons [Fok, 1964; Antonov-Ro
manovsky, 1966; Prokhorov, 1990]. In the simplest 
case when the duration of the process is neglected, it 
is an exponential function: 

1=10 ехр (-t/t). 

The decay kinetics of recomЬination lumines
cence ( as in our case) in а wide time range is approxi
mated Ьу the Becquerel hyperbo1a: 

1 = / 0/(1 + pt)a., 

where 10, 1 are, respectively, the luminescence intensi
ties at the times t0 and t; 't is the Einstein coefficient 
corresponding to the mean time while the electron 
ensemЫe stays excited; р is the constant responsiЬle for 
the lattice structure; а is the order of kinetics ( 1 and 2 
for the first and second order, respectively). 

In the first-order kinetics, the excitation time is 
re1atively short: luminescence builds up quickly and 
decays instantaneously, i.e" e}ectrons rapidly leave 
the traps and return to the valence shells. The TL 
curve in the first-order model has а sharp peak 
(Fig. 1, Ь), and most of its rising part is virtually in 
mirror symmetry with the falling segment. Theoreti
cally this pattern corresponds to the case when re
peated capture of electrons is impossiЬle. However, in 
the second-order kinetics, the electron ensemЫe re
mains in the metastaЬ!e state for а relatively long 
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Fig. 1. Variations of thermally stimulated luminescence in fine-grained quartz: 
а - second-order TL kinetics: experiment; Ь - first-order TL kinetics: theory; curves 1 and 2 show position of TL peak lines. 
See text for explanation. 
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time, and luminescence decays slowly ( even though it 
builds up rapidly) because the once released electrons 
can Ье captured again at neighbor traps and escape 
again. In this case, the TL curve has а low slope in the 
region of high temperatures (Fig. 1, а). 

Luminescence in the two cases is estimated in 
different ways. Namely, luminescence is proportional 
to electron metastabllity time (with some factor) at 
first-order kinetics (а= 1) but their relationship is 
exponential in the second-order case (а= 2). Yet, the 
previous TL dating method has been based on the 
first-order kinetics model, which became "canonical". 
The light sum in that model was just fixed instead of 
being calculated with regard to its slow decay, and 
that was the cause of dating errors. 

The order of kinetics can Ье identified mainly in 
а graphic way and required а careful experimental 
work with the quartz samples in our case. Repeated 
tests with quartz particles from different sites [Shlu
kov and Sheinkman, 2002, 2007] showed that, when 
viewed in detail, the TL process is clearly delayed at 
high temperatures (Fig. 1, а). Therefore, the treat
ment of samples and the data processing had to Ье dif
ferent and to proceed from the second-order kinetics, 
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i.e., the basic principle of TL dating needed а major 
revision. 

In the standard procedure, the tested sample is 
divided into equal aliquots, and each aliquot is irradi
ated in laboratory at а high intensity increasing pro
gressively for each following aliquot. Then the time 
dependence of the received dose (dose curve) is ex
trapolated according to the logarithmic saturation 
law, and the age of the sample is calculated from its 
position on the dose curve (Fig. 2, а) assuming that 
the stimulated luminescence reflects а simple TL sig
nal with the first-order kinetics (Fig. 2, с). 

However, this extrapolation turns out to Ье 
wrong [Shlukov and Sheinkman, 2002, 2007]. Irradia
tion in high-energy fields, which are orders of magni
tude more intense than those in natural rocks, gives 
rise to reversals in the state of electron ensemЫe and 
reactivates small traps that are dormant in natural 
conditions. As а result, the TL signal bears peaks as
sociated with those additional traps ( dashed line in 
Fig. 2, d), and the dose curve departs strongly from 
the theoretical one (Fig. 2, Ь ). Inasmuch as laboratory 
irradiation is rather expensive, the aliquots are com
monly few, and may Ьias the ages if correspond to the 

Experiment 
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1 оо 150 200 250 300 350 т, ·с 

Fig. 2. Тheoretical interpretation of data in the standard TL dating approach (а, с) and its real application 
(Ь, d) in experiment: 
1 - radiation dose received Ьу the tested sample in situ; 2 - radiation dose received Ьу aliquots of the tested samples after their 
rapid laboratory irradiation in а high-energy field; З - extrapolated time dependence of radiation dose; 4 - TL curve of the tested 
sample; 5 - TL curve of the laboratory irradiated sample. 

102 



ADVANCED ТНERМOLUMINESCENCE DAТING OF PERМAFROSТ: А NEW APPROACH 

distorted segments of the dose curve. Furthermore, 
the classical procedure estimates the total TL signal 
while the peaks and troughs are averaged and elevat
ed to the level of а virtual plateau. The main focus 
being on the averaged luminescence peak, the optical 
properties of quartz have been neglected but they dif
fer in different quartz varieties, as it was shown in ex
periments, and likewise influence the output lumines
cence. Nevertheless, even after our data had been 
puЬlished [Shlukov and Sheinkman, 2002, 2007), the 
followers of the standard procedure took the way of 
making the dating instruments more sophisticated 
(and thus more expensive) and applying corrections 
rather than changing the principles. 

With the aim of obtaining а reliaЫe and, if pos
siЬle, straightforward method which would allow 
treating а large number of samples, we refused the 
previous unreliaЫe dating criteria and cumbersome 
procedures. In the new approach, they are the coordi
nates of TL peaks in the dose curve, instead of the 
peak intensity, that make а more reliaЬle age criterion 
based on second-order TL kinetics. This criterion; 
which stems fтom the more staЫe thermal rather than 
optical properties of quartz, was missed in the first
order kinetic TL model as its recognition would re
quire а different proЬlem formulation and instrumen
tal background. The validity of the suggested ap
proach has been confirmed in repeated tests: the 
younger the sample (Fig. 1, а) the lower and the 
higher-temperature its TL peak. The range of these 
shifts toward high temperatures (over 100 °С) is 
quite enough to obtain precise dates. 

Thus, the new criterion cancels the drawbacks of 
the standard methods and changes the very approach 
to TL dating. The suggested technique is an order of 
magnitude cheaper and much easier to perform than 
the classical procedures, which makes it а high-qual
ity and accessiЬle tool for investigating permafтost. 
Its reliability has been validated additionally Ьу 
checking the new TL dates against radiometric dat
ing [ Shlukov and Sheinkman, 2002, 2007; Sheinkman 
et al., 2011). 

In conclusion, we note that the background for 
geoscience applications of TL dating was first devel
oped in the 1960s Ьу G.V. Morozov in the Ukraine 
and А.1. Shlukov in Russia [ Morozov, 1968; Shlukov et 
al., 1993). The Russian science has laid а solid foun
dation in this field of research and long remained the 
leader, but the leadership has been lost lately and 
alarming tendencies are currently appearing. Some 
geoscientists (see the review in [Sheinkman, 2008)) 
suggest to refuse TL dating at all referring to its am
Ьiguous results \\'ithout proper understanding the 
idea of the method \\'hile others praise foreign tech
nologies wblch try to repair the drawbacks through 
updating the instruments. Yet, both ways are dead
lock. 

The suggested approach based on studies in Rus
sia does not claim to Ье panacea but it allows making 
good progress in solving the urgent dating proЬlem 
and, moreover, creates prerequisites for advance in 
geochronology of permafтost. This is especially im
portant as the chronological constraints of events in 
geosciences are crucial for synthesis of the existing 
experience and gaining new knowledge. In this re
spect the new approach can Ье used for systematizing 
all availaЫe data with reference to the time scale. 
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PERMAFROST ENGINEERING: STABILITY OF STRUCTURES AND FOUNDAТIONS 

А NOVEL HEAT-INSULAТING MATERIAL FOR THERMAL STABILIZATION OF SOILS 

К.S. lvanov 

fn slitule о/ Eшt-/i's C1yosp/1ae, Sibeгian Вгапсh of the Russian Асш/ет_у o/Sciences, 
РО Ьох 1230, Туитеп. 625000. Russia: 4temzinaloг@mai/л1 

Tl1e stt1dy lias ргоvе п thc f'casibility of obtai пiпg а по11с l l1eat- i пsL1laLiпg1пateг i a l 11•itJ1 ап аррагспr deп s i ty 
of 290- 580 kg/ 1113, а co111p1·cssive st гe11gL l1 of1.7 -7.8 М Ра , а пd а 111аtс г abso1·ptio11 of 4 %. Heat L1·cal п1 cnt of а 
mixl t11·c of d iatomi lc апd alkal i al 95 ° С i пc 1·cascs tl1e leachi пg гаtе of an101·pl1oas Si02 111 l1ile tl1e гcs LJ I Laпt sol LJЬ!c 
sod i LI 111 silicales рго1поtе foami пg ol' the c l1 a гge dшiпg si пtе г i пg at 775 ° С а п d decгcase ils арра геп t cl e п s i ty. Tl1 c 
пс1v l1eat iп s LJ l alo г is sin1ila1· lo Ll1e t гadi l i o п a l foa 111 glass iп its s tгact t1гc а пd p гope гt i es апd t lшs са п Ьс t1sed to 
pгotcct tl1e fot111 dat io11s of eпgiпce гi11g Stl'LJ cLш·es . 

The damaging f'l·ost action on t l1e follnd at i oпs of 
e пgineer iпg st гll ctшes bt1iJt and opeгated iп регша
fгоst zoпes, Sllcl1 as t l1 c г111okaгst, t liav'' sett l emeпt алd 
fгost l1 eaviпg of soi ls, гeqL1iгe speciaJ p1·e,1 cпti,1e mea
SLI геs vvl1ile co п stгнcti пg . ТЬ е meas L1 геs т i t igat ing 
t l1is fl'ost act ion iвclнd e, pгimaгil y, t h eпna l staЬi liza 
t ion of foL1ndat io11s " ' l1i cl1 allo\\'S coп stгL1ct i o п Ltpoп 
апу soil , "' it \1 only regaгd to its load-beaгing capacity 
[Tsitovic/1, 1973] . I11 add i tioв to makiпg vcлt il atecl 
се] laгs, \Vi tl1d га\\1а l of l1 eat гel eased Ьу tЬе bt1 i l diпg , 
aod tЬ е L1se of special cooliвg (о г l1 eatiлg) de,1ices, 
etc., tl1 eгm a l staЬi li zat ioo of soil s is acl1i eved \vitl1 
Ьeat- i пst1 l at iпg mateг i a l s. Fог in sta п ce, cгeat i п g а sod 
layer гedL1ces t he fгeez i п g depth Ьу а factoг of 1.5 гe l 
at i,1e to ореп gгol!пd I Кiselev, 19851. Tliat is \vhy апу 
l1eat iп slllatoг laid оп t he gгol!пd SLI гfасе \\iill pгccllld e 
l1 cat fJнx апd pюvi d e t l1 eгma l staЬi lizat i oп of foш1 cl a
t i o п s . 

Uп til 1·ece пtl y thc appli caЬili ty of пюst h eat- iп
st1lati11g mate гials to soil pгotect i o п \-\1as li111i tcd Ьу 
t heiг aЬil ity of ассшш1latiлg111oist L1 гс ( \vett i пg). This 
is kпovv п , specifica]J y, {ог expaнded clay (kcraшzi t ) 

L1 scd as foot iпg pads beпeath pavi п g, '''Ъi сЬ looses its 
i n s L1l atiп g capacity о п satuгatioп [Kiselev, 1985]. 
ТЬегеfо гс, а mateгia] w i t\1tl1e111iпi1щ1m tl1eг111a l con
dt1ctivity апd \vateг L1ptake ,.vill Ье t hc best cl1 oice fог 
l1 eat i11s ttl atio п . 

Iв the сшгевt p1·actice, fгost l1 eaviпg effccts авd 
t l1e tl1av\' d ep tЬ io pcгm afгost а 1·с 1·cduced t1si11g ex
tгLts ioп {оа111 polysty гeпe plates. Т l1еге is е п со l1 гagiвg 
cx peгience of e111p l oy iпg t11is шatc гia l as footiпg fог 
bll ildi п gs , l1ighv\1ays, а п сl гailvvays [Alekseev апс/ Bek
Bulatov, 2007]. l-IO\\IC \1 e г, foa m po lystyreoc сап loose 
i ts 11eat-p1·oof pгopert i es апd fai 1 Ьу вat L1 га \ destгuc
t i oл of t11 e ро l ушег, thi s пiakiпg its енdшапсе debat
aЫe. 
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Foa111 glass is а п cffi1;ie11t iп s ti l atoг fгсс fгош tl1e 
above dгa \\1 backs. This is liaгd e п cd glass foam ' '' ith 
closed po1·es ( its poгos i ty 1·еасЬ сs 97 %) , ,~1 \1i c l1 1·esists 
"'аtег нptak c апd loss of t l1 e г111 op l1 ys i ca l p гope гti es . 
WitЬ its 140 kg/ 1113 d e п s i ty, foam glass has а t l1 eп11al 
co11dt1cti,1ity of 0.045 W /(ш·К) апd ап Ltlti111 atc load 
of 50 t / m2 (0.5 МРа) [ Go1~yainmJ and Go1~yainova, 
1982]. l ts i пcoюb ttstiЬi 1 i ty, '1igl1 cl1emi cal гes i staпce, 
а п d Lin li111 i tcd lifeti 111 с make f'oam glass ан excc pt i o п
al 111aterial , bt1t it is too expeвs i vc Ьесанsе of cx pcn
sive staгting п1 ate гi a l s апd а coшplicated en e гgy-con
st1111i11g 1лodL1 ct io11 tec l111ology. 

Тl1 еге f'о ге, it is нгgспt to obtaiп l1 cat -iп sнl atiпg 
111ateгi a l s s i п1ilaг to fоап1 glass in t l1 e iг pгope1·t i es bL1t 
based оп cl1cap 111i11e гa l s . ТЬ е aLt t \1 01· of this stt1dy lias 
iпvestigatecl tl1e feasiЬi l i ty of obta i п iп g foam silicate, 
а п aпalog of foam glass, L1si пg 'N i cl espгead silicic гoc ks 
апсl alkal i add i t i o п s, \\1it l1i11 t hc li mits of t hc project 
" Siпte гed Hcat- In s ll l at iпg Mateгia l on t l1 e basis of 
Мiпега l Reso L1 гсеs of t l1c Ту t1111 е п Region" Sll ppo гtecl 
Ьу tЬе Tyll п1 е п Reg i oп Gо \1сгпо г . 

Т11 е id ca of obta i п i пg foam si 1 icate coпs ists iп al
kal ic leac l1i 11g of aш o гpl1 0L1s sili ca fгот sil iceous 
гoc k s . This " 'ell k110\\1J1 111ct l10d of makiпg 1 iqll id glass 
l1as Ьееп of modeгate Ltsc so l'а г becat1se of а гсf'гасtогу 
i п sol ll Ые sl Ll clge wl1ich, i п 0L1 г case, is а l1 sefL1J со 111ро
п спt of tЬе 111ixtшe \v it h а s i gпi ficaпt a moнnt of clay. 
So lttЬl e a lka l iлe sili cates f'oг111 lo\v-111elt i11g elltectics 
апd tlшs fac ili tatc t l1 e t гaп s i t i o п of t l1e batc \1 i пto а 
111 clt ing state at te111p c гat L1гes bc lo'~' 700 ° С [Ileг, 
1979] \vl1il e c 1·ys ta lli zat i o п \vatc г гe l eascd fгom clay 
miп eгals i п t hc i11 so l t1Ьl e pгecipitatc acts as а f'oa111 i пg 
agent iп t l1 e c liaгge. 

Tl1e stt1d y \\ias рс гfогшеd нs i п g diato111itc fгот 
t he Kamysl1l ov deposit i п t J1 e Sve1·dlovsk геgi ол , \\1it l1 
42 .5 aшo 1· p l10 Lt s Si02, 8.9 А \ 203 , а пd 3.3 Fe20 3 
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(in 'Nt.%) . ТЬе сЬагgе \V i tЬ di atomite/ 40 % NaOH at 
а so lutioп rati o 2.3: 1.0 vvas т ixed and fil1ed \Vi t Ь 'Na
teг L111til it Ьесаше Ь o111ogeпeo L1 s, апd t hen pl aced iп 
а tЬeгmostat at 20 апd 95 ° С . The sollltioп гatio was 
choseп pгoceediлg fгom t l1e fact t h at cliato111i te 
co11tai11s 40 % amorpl1 0L1 s sili ca \VЬic J1 yie1ds а sо lн
Ь1 е sili ca te solut io11 (SS S) \\ri t h t J1e mole l'at io 
Si0 2/ Na20 т = 3 . ТЬ е Si02 yield (i11 pe гce nt of 
diatomite dгу \Veight ) анd t he т гatio i11 t l1e с lы гgе 
afteг leacЬiпg wеге estimated fo llo vviпg tЬ е tec lшiqll e 

гершtеd i n [ Solюlovich, 1963]. 
Afteг t he leacЬi11g vYas oYe r, cy liлdгical pellets, 

3 .4 cm i11 diameteг a11d 1.6 ст tЬick , wеге fabгicated 
fгom t he chaгge Ьу pгessing at 2 МРа, as wel 1 as 
gra1шJ es 5- 8 тш iп diamete1· made Ьу гolli11g 011 а 
plate gга1ш latoг. T l1e pellets анd gгanules dгied at 
100 ° С to co пstaп t vve ig l1 t vveгe then s i 11teгed анd 
foamed i11 staiпless steel 1110L1 lds in а i г, "'rit l1 tЬ е tгeat 
men t schedule of heat i пg at 25 ° C/miл , 20 min ехро
sше t o 775 ° С , and slo"'' cooli11g togetЬ eг v,rit h t l1e 
fшнасе at - 1 °C/ mi11 ) to гооm tempeгatuгe . Duгing 
l1eating, t J1 e gгanlll es Ьесаше foaшed a11d \Velded to 
getheг in to solid massive poгous silicate, fгom whicJ1 
sampl es wеге cu t i11 t l1e fшm of 30 х 30 х 30 mш 
cubes. 

Iпasmu c ]1 as foamin g of t he d iatomite-alk ali 
charge laгge ly depe l1ds 011 t he Si0 2 yield (YS) , t l1e 
first step coнsisted i11 i 11Yestigat iпg t he kiп et i cs of 
Si 0 2 extraction at d iffeгe11t tempeгatшes ( F ig. 1 ). As 
а гesнl t, heat in g to 95 ° С was fo ш1d OL1 t to n otaЬly 
acce l eгate th e process: a lгeady iп 30 min of ехроsше 
at 95 ° С , YS was 3.3 t i111 es tl1at at 20 ° С, fо г t he same 
ехроsше t ime (42 .5 % agaiл st 12.9 %), a11d a lшost 
did not gгovv fшtl1er. 

The YS cl epeлd en ce of the foami11g pгocess in the 
batch afteг its l eacЬiпg fo r diffeгe п t t ime spans was 
explored 011 cyliпdгical pe ll ets ( see F ig. 2 fо г tl1e i г 
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Fig. 1. Кinetics of Si02 yield (YS) at different tem
peratures: 
1 - 20 ° С; 2 - 95 ° С. 

plюtogгaphs after J1eatiлg). T l1 e images shovY tl1e vоJ 
шне апd tЬе арра ге п t density of t he foam silicate pe l
lets to Ье pгoportioпaJ to YS. Gгo\vt l1 of т aloпg wit l1 
YS likely ca L1 ses an iп crease i11 t l1e amoll nt of Jiquid i11 
t he c l1 arge whi1e s i11te гi пg aлcl/or its eaгJie r арреаг
ал се , wЬich pгomotes bette г foamiпg . Tlшs, it is SSS 
ratl1eг t lыn aJkali tlыt is Iespo п siЬl e fо г t l1e tempe
ratшe of liq uid foгm at i o п. This i 11fегепсе is SL!ppor
ted Ьу t he fact t hat pell ets шolcled iшшedi ate l y af
teг mixiлg с гас k апd do not fоаш оп heati11g, bu t 
foami11g геsшнеs as d ry cгystalJiп e sodi L1111 sili cate 
(Na20· Si02·9H20 ) is used iнsteacl of alka li , vvit h а11 
eqнiYalent ашоuп t of \vate г adcled. 

1 cm 
L___J 

--. "· .... - . .._, -----

Fig. 2. Si02 yield ( V5;o, ) plotted versus apparent density (р) of diatomite-alkali charge after heating (Т) 
for different time spans ( t): 

а - V5;o, = 13.3 %, р = 550 kg/ m3 , Т = 20 ° С , t = 60 тiп ; Ь - Vs;o, = 32.5 %, р = 35 0 kg/ m3, Т = 95 ° С, t = 10 тiп ; 
с - Vs;o, = 42.5 %, p = 280kg/m3, T = 95 °C , t = 30m i п. 
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Ri sing the heat-treatment tempeгatшe to 800 ° С 
causes an about 10- 15 % density incгease of the pel
lets, poss iЬly, as t he liquid plыse beco mes pгogгes 
Si\1ely less viscoL1s whi le the release of crystallization 
•vateг ceases afteг 7 40 °С [ Lazutlгina et al" 2006]. Tl1e 
samples de,,e[op s i zeaЫe open pores, up to 1 cm in 
diameteг, Ьу coalescence of smaller рогеs . 

Furtheг expeгimen ts \ve re гun •vit l1 grains made 
from ch a гges \\1it l1 diffe гent a moun ts of ext гacted 
Si02. As YS in cгeased fгom 13.3 to 42.5 %, _t l1e appaг
ent density анd tЬе compгessive stгe ngt l1 of t l1 e gгашs 
c hanged from 580 to 290 kg/ m3 апd fгom 7.8 to 
1.7 МРа, гespect ive l y. Wate1· Ltptake iп а !! samples 
'Nas wit l1i11 2 vo l.%. ТЬе t l1eпna l co11dL1 ctivit ies of t he 
samples with t he d eнs i t i es 290 апd 580 kg/ m3 •vе ге 
0.08 and 0.1 4 W/(m-К) . Tl1 e sa mples !1 ad а uпiform 
stru ctoгe coн s i sting of closed cells wit l1 an aveгage 
diamete1· of 1.5 mm. The се!! S L1гfaces had g lassy los
te1· and varied iп со lог fгош stoпe to gгее п -gгау. 

Th e soggested method са п Ье used to obtaiп 
foam silicate \vhich \vi!l allo•'' minimiz iпg destгo ct i ve 
сгуоgепi с effects being both а heat апd \vater insul a-
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tо г as it сап preve11t moisture f"гom mi gration i n to 
vt1 lneraЫe zones of fooпdat i oпs. 
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CHRONICLE 

Balobaev Veniarnin Tikhonovich 
(02.01.1930 - 04.09.2011) 

Veniaшiн Tikhoнovi ch Balobaev passed avvay 
suddenly o n 4 Septembeг 2011, at ан age of 81. Не 
vvas геsеагс h ad visoг of tЬе Russian Асаdешу of Sci
ences at Melнikov Peгmafгost Iп st i t11te (Yakutsk) , 
veteran of \~тогk , hoнored work e1· of· tЬе нatioпal 
econom y of Yakutia (Saklы RepllЬli c ) , Doctи of 
Geo\ogy апd Mineralogy, Сопеsропdепt МетЬег of 
the Russian Academy of Scieпces (RAS) . 

Veпiamin Balobaev ~таs Ьогп оп 2 Januaгy 1930 
in tЬе tO\;vn of Tllla. Having fi nisЬed higЬ school in 
1948, he became student at Leningгad State Univeг
sity, Depaгtment of Pl1ysics. 

In 1953 he \;vas placed оп геsеагс !1 job at Ob
гuc l1ev In stitute of Permafгost in Moscow but а few 
month s later in ОсtоЬег of tl1e sam e year, Руоtг 
F. Shvetsov, RAS Сопеsронdенt МетЬег, suggested 
to recruit him fог а ne\;vly organized Yakutsk Peпna
fгost Resea rcЬ Station. Theгeon , all his life анd гe 
search activity remained linked vvith Yakutia , peг
mafrost science, and Peгшafrost Institute \.vhich 
stemm ed later from the Yakt1tsk Reseaгch Station. 
While vvoгking for the Institute, V.Т. Balobaev had 
achieved а great success iн science having become а 
bгilliant ехрегt in peгmafrost isst1es, renowн in Russia 

and аЬгоаd , and а holder of mану titles, posit ions, анd 
avvards. 

ТЬе vvoгking сапiег of Veniamiн Balobaev began 
in so 11theгп Yakutia wheгe he part icipated iп geo 
p l1ys ica l exploration of peгm a fгost \;v it h а suгvey 
g roll р at tl1e Council for Ртоd ucti ve F о гсеs of· t l1e 
USS R Academy of Scieнce. 

When diamond pгodu ction vvas init iated in Ya
kutia iп 1956, Veniamin Tikhonovich was appointed 
vice-director of Geological апd GeopЬysical Sшveys 
at the Peгmafгost Institu te whi ch aim ed at peгma 
frost exploгation for development of the Мiг kimbeг
li te pipe. 

In 1962 Balobaev found ed а lаЬогаtогу of geo
tl1erшa1 st t1di es and headed it ti11 1994. It was at that 
time when а device fог calibratiлg t he гmistors \;vas 
built t1пd е г l1is 1eadership, не\;у techнiqt1 es and instru
ments wете designed for measuring t h eгmophysical 
properti es of fгozen gгound and various existing 
methods were brought to а single standard , and vvhen 
investigation of teпestrial heat flo~' began in perma
frost and st1bpermafrost zones. Theoгet i cal and field 
studies witl1 his participation yielded а geothermal 
model and а heat flow map of Noгth Eшasia. 

107 



Fгош 1994 to 2001 Veniamin BalobaeY \.\таs as
sociate diгectoг of the Inst it ute гespon siЬle fог гe 
searcl1 шan agemen t. In t hat lыгd tiшe \vhen funding 
for science from the governшeвt \Vas seYeгe ly cut 
dowп all оvег the co u11try fог ргоЫ ешs i11 natio11al 
eco nomy, gгeat cred it шust go to BalobaeY wlю had 
pгeseгved all pгin cipa l lines of гesearch t he Instit ute 
\\таs гunniпg, as \vell as a ll its hшnап алd logistic 1·e
so L1гces. 

V. Balobaev's 58-уеагs woгk iп science was oveг
\Vl1 el шiпg l y frui tful. Не has developed а new field of 
geothermi cs for fгozen gгound and cгeated exceptioл
al пюde l s fo r paleo гecoп stru cti ons and predictions of 
peпna fгost be lыvio 1·. Не is the aut l101· of шоге thaп 
150 puЬli catioпs, including su cЬ fш1d aшe11ta l books 
as "Gеп ега l P erшafгost Sci eнce", " ТЬ егшорЬуsiса l 
Stucli es of Perшafrost iп S ibeгia", "Sнbsшface Ther
шal Field of Sibeгi a " , "Тешрегаtше, Peгmafrost, and 
Radiogenic Heat in t he Crust ofNoгth Asia", etc. The 
fuнdaшenta l tгeati se "Geoth erшics of Регшаfгоst i п 
the Li t lюspЬere of No гtl1 Asia" he puЬli sЬed in 1991 
co ntained ап iшрогtа п t i nfeгence t l1 at пegatiYe teш
pe гat LJ res in tb e Lippe г C ГLlst res LJl ted нnique] y fгom 
heat exc]ыnge co 11di t i oпs оп tЬ е suгface \v heгeas deep 
Ьеаt fJLJ x \.\таs t he onl y cont rol of peгmafгost thickпess 
i п pl aces \V h eгe it is large. In that stнdy Balobaev 
pгoved , t l1 eo гetica J ly ап сl expeгimeп tally, t he broad 
exteпt of t rans ie пt frozeп gгoL1пd iп Noгth Euгas i a 
ап d шode led tl1e Ji t lюspheгic pa l eotheпnal f'i eJd. The 
boo k 11 as Ьесоше а геfе гепсе оп е fо г everybody en
gaged in peгmafгost resea гch: fог ехре гiепсеd scie11 -
t ists as \veJl as fо г L1п de гgraduate о г postgгadu ate 
stL1 dents. 

V. BalobaeY J1 as co11tгib L1ted а lot to education: 
!1 е l1 as ЬгонgЬt up mапу skiJ1ed гesea rc l1 ers апd \Vas 
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sc ieп tif'i c adviso r of пumerou s caпdidate and doctoг 
theses in geosc i e п ces . Не \vas шеmЬег of iп te гп atioп 
al апd Russ i a п assoc iat ioлs in peпnafгost and geo
t heпni cs, member о±' Cryology Sc i eпtif'ic Co u лcil of 
the Rнss iaп Асаdешу of Sc i eп ces, vice сh аiгтал of 
the Disseгtation Couaci] at t he Регшаfгоst In t itote 
in Yaku tsk, edito1· iп sci eп ti fic jou гпa l s . 

Iп гecogni ti oп of his accompli shшents iп sc i e пce 
авd e lse\v]1 e гe, Ve11iaшi11 Balobaev \.\таs awa гded seY
e гa l medals, огd егs , aad pгi zes , 11ашеlу О гd е г of Peo
p] e's Fгi eп dsl1ip ; fош шeda l s, a111011g \vhi ch Medal fо г 
Gгeat Seгv i ce to t he Couп t r y, Secoпd Class; t \vo 
Ьго11zе pгize medals of VDNКl1 (ExhiЬi t i oп of Eco
nomic Achi evemeпts) ; a \vaгd badge of Goldeп Sigma 
\V i tЬ Diamoпd ; пшnего нs ce гtificates of me1·it fгот 
diffeгe 11t iпst i tнt ioлs (RLJ ss i a п Goveгnmen t, Siberi a11 
Braпch of tЬ е RL1 ss i aп Acade my of Sc ie п ces, CPSU 
Ce11tгa l Commi ttee, USSR S L1 p гe 111e So,т i et, Сел tга] 
Coнncil of Тгаdе U лi on s, and from Central Comшit
tee of USS R Уонпg CommLJnist Leagнe ) . 

Ve11i a111iп Tikhonovich \vas а c lып11i11g peгson a ] 
ity, full of c гeat iYe spiгi t, pass i oпate fог t l1e паtL1ге of 
seveгe NortЬ , а kее п scien tist, а п d patriot of t l1e i пsti 
tнte Ье wo гked for. Не possessed \.\тorld]y \Visdom and 
except i oлa l eпcycloped ic kп o \v l edge, be iпg always 
геаdу to s h a гe it \Vit h е \1 е гуЬоd у агоuлd . Не \Vas dis
tinctive ап d eп tbLJs i asti c i11 eveгyt l1iп g l1e \Vas do ing 
iп l1is eveгyd ay li fe : motoriл g, l1u лti11g, fis l1iп g, ga г
deni11g, or mL1 s hгoo111i11g. Peopl e kп е \.\т Ьim as а "'O П
derful family тап , а Ьеаd of а large нn ited fam i !у. 

Tl1e li fe of Ve11iaшiп Balobaev is а g l o\\r iпg ех
ашр lе of exce lle п t ex peгt ise , ded ication, d i li geп ce, 
алd cгeati vity. АпуЬоd у \.\1Ьо met h iш \vill keep шеm
огу of t l1e ргот i п епt scieп t i st a11 d 1·ешаrkаЫ с pe 1·soл 
ality. 

Fгiencls and colleag·ues 




