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The year 2022 marks the 150th anniversary of the 
birth of Polish scientist A.B. Dobrowolski, who intro-
duced the concept of “cryosphere” in 1923 in his book 
History of Natural Ice [Dobrowolski, 1923]. This term 
encompassed the cold shell of the Earth located be-
tween high-temperature zones of the upper strato-
sphere and ionosphere, on the one side, and of the 
Earth crust, on the other side. Dobrowolski used the 
term “cryology” to mean the science of the cryo-
sphere, although, as a glaciologist, he understood it as 
the science of ice. Thus, the term came to exist four 
years before inception of permafrost studies. With in-
troduction of a well-founded amendment by 
V.M. Kotlyakov in the Dictionary of Glaciology [1984], 
the notion of cryology became interpreted as the sci-
ence embracing natural objects and processes in the 
cryosphere. These developments fit well into the 
main research direction of the Earth Cryosphere In-
stitute, Siberian Branch of the Russian Academy of 
Sciences (ECI SB RAS), established in 1991.

Over the past 30 years, much attention has been 
devoted to the cryosphere from glaciologists, perma-
frost scientists, geoengineers, hydrologists, and espe-
cially atmospheric physicists affiliated with different 
research institutes of the Russian Academy of Sci-
ences, universities, and foreign scientific institutions, 
thereby allowing for a significant deepening of the 
existing knowledge on this subject matter. An inter-
disciplinary approach to the study of such complex 
object has made it is possible to move on to a new 
model of problem formulation (paradigm) conceived 
in the fundamental science in the second half of the 
20th century. 

World population growth and development of 
human civilization pose the problem of predicting 
changes in living conditions and implementing mea-
sures to provide the necessary resources. Invaluable 
results of deep ice-core drilling in the Antarctic ice 
sheet provide exceptionally well-preserved and deta-
iled climate records which allowed refining tempera-
ture reconstructions over the past 415 thousand years 
[Barkov et al., 2002] and defining the planet’s natural 
warming and cooling cycles. Three quarters of all 
fresh water are known to be stored in glaciers, albeit 
given the implications of the existence of Homo “sa-
piens” increasingly putting carbon dioxide into the 
atmosphere via burning fossil fuels and thus contrib-
uting to global warming. With the new ice age loom-
ing ahead, who can be smarter than cryologists in 
building a model of future environmental conditions!

Even though Earth’s cryology as integrated 
knowledge of the sciences studying the cryosphere 
draws primarily on the exact sciences like mathema-
tics, physics, chemistry, it would be impossible with-
out achievements in natural sciences – geology, geog-
raphy, biology, soil science, etc. The community of 
cryo logists may therefore be embracing specialists 
from the greatest number of scientific disciplines ex-
isting in the world. In order to present the obtained 
research results and to participate in information ex-
change systems, one definitely needs an information 
platform, whose role in the scientific community is 
traditionally played by academic journals and other 
specialized periodicals. In the recent quarter of a cen-
tury, the Kriosfera Zemli (Earth’s Cryosphere) jour-
nal has proved to be the only Russian scientific jour-

Copyright © 2022 V.P. Melnikov, V.E. Tumskoy, N.V. Arutyunyan, O.M. Lisitsyna, N.G. Belova, O.V. Levochkina,  
G.E. Oblogov, All rights reserved.
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nal aimed at a comprehensive coverage of the whole 
range of problems of the Earth cryology. 

Of course, attempts to establish scholarly jour-
nals addressing specific problems of cryology had 
been made before. The first academic journal in this 
field of science was the Merzlotovedenie (Permafrost 
Studies) journal established on the initiative of Aca-
demician Vladimir A. Obruchev, director of the Insti-
tute of Permafrost Studies of the USSR Academy of 
Sciences. V.A. Obruchev was appointed Editor-in-
Chief of the journal, and V.F. Zhukov was the execu-
tive secretary. The journal’s editorial board consisted 
of 25 leading experts on permafrost.

The first two issues of the Merzlotovedenie jour-
nal were signed for publication in September and De-
cember 1946 and came out in the same year. They 
included 18 and 15 articles, respectively, and each 
had a circulation of 1000 copies. However the journal 
was no longer published the next year. Actually, it 
was succeeded by the more subject-specific Trudy In-
stituta Merzlotovedeniya (Proceedings of the Institute 
of Permafrost Science). In 1961, the Materialy 
glyatsiologicheskikh issledovanii (Bulletin of Glacio-
logical Research), a long-known peer-reviewed scien-
tific journal focusing on all aspects of snow and ice 
science was established. The journal was founded by 
the Glaciology Section of the Interdepartmental 
Geophysical Committee attached to the Presidium 
of the USSR Academy of Sciences, and Academi-
cian V.M. Kotlyakov was appointed its Editor-in-
Chief.

Since 2010, the journal has been published under 
the title Led i Sneg (Ice and Snow) to continue tradi-
tions of the “Proceedings…”. Against the background 
of the wide range of scientific fields of articles devot-
ed to diverse aspects of ice and snow existence on 
Earth, the journal is predominantly biased towards 
its original focus on glaciology. There were also col-
lections of works more or less regularly published by 
Moscow State University: Merzlotnye issledovaniya 
(Permafrost Research) at the Faculty of Geology 
(since 1961) and Podzemnyi led (Ground Ice) and 
Problemy kriolitologii (Problems of Cryolithology) at 
the Faculty of Geography (since 1965). However, 
these periodicals came out at best once a year and nei-
ther was regarded as a fair substitute for a regular pe-
riodical in its own right.

Since 1970, several attempts have been made to 
start the Earth Cryology journal, with P.I. Melnikov, 
Director of the Permafrost Institute of the USSR 
Academy of Sciences, being the mover and shaker of 
this endeavor. The red-tape involved lasted for al-
most 20 years, until 1989, when the start of the Geoc-
ryology Journal was approved. It was expected that 
this journal would be published in Russian and Eng-
lish since 1991, four issues a year, and its circulation 
to total 2000 copies. However, in the context of dra-
matic reduction of R&D funding in Russia in the 

early 1990s, only two issues of the Russian-language 
version of the journal saw the light in 1995.

The decision to publish the Earth’s Cryosphere 
journal was approved by the Presidium of the Siberi-
an Branch of the Russian Academy of Sciences at the 
Meeting held on July 5, 1996, and exactly one year 
later, on July 5, 1997, the scientific journal was regis-
tered with the USSR State Committee for the Press 
(Goskompechat).

The founder of the journal, Vladimir P. Mel-
nikov, Academician (at that time, Corresponding 
Member) of the Russian Academy of Sciences, to-
gether with members of the Scientific Council on the 
Earth Cryo logy at the Russian Academy of Sciences, 
thus managed to accomplish what early generation of 
permafrost researchers had been attempting to do al-
most unsuccessfully since the pre-war (WW2) times: 
to start (in just one year!) publishing a journal, al-
though narrowly specialized, but integrating diverse 
research areas, with the focus placed on the cold shell 
of the Earth, the cryosphere.

Bringing together scientists with an aim to form 
an integrated scientific concept of the Earth’s cryo-
sphere and cryosophy has always been the journal’s 
priority, along with its multidisciplinary approach in 
studying of the evolution of the geographic envelope 
of the Earth, the impact of cryospheric factors on the 
environment and ecology and their life-sustaining 
role in the biosphere in the context of the global pro-
cesses.

The first co-founders of the journal – Siberian 
Branch of the Russian Academy of Sciences and the 
Institute of the Earth Cryosphere, Siberian Branch of 
the Russian Academy of Sciences – were later joined 
by the P.I. Melnikov Permafrost Institute, Siberian 
Branch of the Russian Academy of Sciences. The 
newborn journal was headed by Academician 
V.P. Melnikov with Academician V.M. Kotlyakov act-
ing as Deputy Editor-in-Chief until the present day. 
The Earth’s Cryosphere journal editorial board con-
sisted of 24 Russia’s leading experts in major areas of 
study of the terrestrial cryosphere (Fig. 1). The edito-
rial staff being highly efficient both in solving scientif-
ic-editorial problems and in organizational and pro-
motional aspects, the Journal soon became widely 
known both in Russia and abroad.

The editorial group was established in Moscow 
with Professor Sergey M. Fotiev, Dr. Sci. (Geol.-Min-
eral.) as the executive secretary, to work directly with 
the submitted articles and corresponding authors 
(Fig. 2). His good-work attitude and willingness to 
be helpful to many and many contributors in bringing 
their manuscripts to perfection, along with his pro-
found research and professional experience allowed 
the journal to achieve a highly scientific level, which 
still holds up.

In 2018, S.M. Fotiev was succeeded by Vladimir 
E.  Tumskoy (Fig.  3), who picked up the mantle. 



5

THE EARTH’S CRYOSPHERE JOURNAL IS 25!

Fig. 1. Scientists, who were the first editorial board members of the Earth’s Cryosphere journal.

Fig. 2. Sergey M. Fotiev, the first executive secre-
tary of the journal.

Fig. 3. Vladimir E. Tumskoy, executive secretary of 
the journal since 2018.
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 Nataliya V. Arutyunyan, the long-time editor, has 
been the soul of the editorial team from the first day 
of the journal and till the present time. Thanks to her 
personal proactive attitude and skillful guidance, she 
managed to establish a firm but friendly style of com-
munication with the authors and reviewers. The is-
sues are released on schedule and the journal contin-
ues to develop. Initially, the journal publishing was 
the responsibility of the Scientific Publisher Center 
of the United Institute of Geology, Geophysics and 
Minera logy of the Siberian Branch of the Russian 
Academy of Sciences, which was established in Novo-
sibirsk in 1994 (Academic Publishing House Geo). 
Initially, the Novosibirsk editorial office was headed 
by Olga A. Kislova; since 2005, it has been headed by 
Marina A. Trashkeeva. Despite the fact that the jour-
nal publication workflow is divided between the two 
cities, the staff of both offices interact and exchange 
the information effectively.

Initially, the journal was published four times a 
year with each volume of 40 printed pages per issue. 
The amount of submitted articles ranged from 40 to 
50 or more per year, depending on their volume. In 
2017, the journal was published 6 times a year. Al-
most immediately, since the early 2000s, the possibil-
ity to translate the journal into the English language 
was discussed with an aim to expand readers’ geo-
graphy. The first issue of the English version of the 
Earth’s Cryosphere journal came out in 2003 thanks to 
assistance of Professor Peter Williams from Cam-
bridge University. He edited the English text and fi-
nancially supported publication of the trial issue of 
Earth’s Cryosphere on the occasion of the Eighth In-
ternational Conference on Permafrost (July 21–23, 
2003, Zurich, Switzerland). The circulation (300 cop-
ies) of Earth’s Cryosphere was delivered to Zurich 
and handed over to P. Williams for distribution. Un-
fortunately, P. Williams did not succeed in finding 
sponsors for further periodical publication of the 
Earth’s Cryosphere. Yet another attempt was made in 
late 2011, before the Tenth International Conference 
on Permafrost in Salekhard, when the fourth issue of 
2011 was translated into English. However, the jour-
nal became fully translated later: since 2014, its Eng-
lish version titled Earth’s Cryosphere has been edited 
in electronic format.

At present, articles, reports, and topical reviews 
coming to the editorial board are distributed under 
23 headings among the following subsections:

– basic cryosphere research;
– conceptual foundations of cryology;
– regional and historical geocryology;
– ecological problems in permafrost regions;
– geocryological monitoring and forecast;
– ice and permafrost properties;
– physical and chemical processes in permafrost 

and ice;

– geotemperature fields and thermal processes in 
the cryosphere;

– cryogenic processes and formations;
– surface and ground waters;
– cryogenic phenomena in seas and oceans;
– gas and gas hydrates in the Earth’s cryosphere;
– cryolithogenesis;
– cryopedology;
– biocryology;
– engineering cryology;
– snow cover and glaciers;
– climate and cryosphere;
– cryosphere research methods;
– cryosophy;
– reviews;
– chronicle;
– promotional material.
As such, the diversity of the areas covered allows 

a vast majority of geoscientists to fit in the journal’s 
range of related topics. It also affords good network-
ing for the researchers and represents the scope of the 
cryosphere scientific community in Russia (and be-
yond).

A total of 1177 articles have been published in 
the Earth’s Cryosphere journal over the past quarter of 
a century. Among the contributing authors (a total of 
854, including 56 foreign authors), there are academi-
cians, corresponding members of the Russian Acade-
my of Sciences, doctors and candidates of sciences 
(PhD’s), professionals and leading experts from aca-
demic organizations and industry, graduate and un-
dergraduate students. Researchers from 145 Russian 
institutions (in 57 cities) and 36 from near and far 
abroad (in 32  cities of Austria, Canada, Finland, 
France, Georgia, Germany, Israel, Japan, Kazakhstan, 
Kyrgyzstan, Mongolia, The Netherlands, New Zea-
land, Poland, USA, Tajikistan, Ukraine, Uzbekistan) 
have effectively communicated with the editorial 
team of the Earth’s Cryosphere Journal (ECJ) .

Thanks primarily to the authors who publish 
their research results in the ECJ, in concert with un-
flagging efforts of the two editorial teams based in 
Moscow and Novosibirsk, the Journal currently ranks 
high among Russian periodicals in geology and geo-
graphy. Also, it is included in the List of the peer-re-
viewed journals recommended by the Higher Attesta-
tion Commission of the Ministry of Education and 
Science of the Russian Federation, and is indexed in 
eLIBRARY, Russian Science Citation Index (RSCI), 
two-year Impact Factor 0.825 in 2020), CrossRef, 
Scopus (CiteScore  1.1 in 2020, The third quar-
tile Q3), and is registered in the RSCI database (Rus-
sian Science Citation Index) on the Web of Science 
platform.

The increasing impact and number of citations of 
the Earth’s Cryosphere journal is ensured not only by 
relatively high quality of articles submitted to the 
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journal but also by the many years of diligent work of 
the professional editorial team (Fig. 4), bearing all 
the responsibility for the publication workflow: from 
accepting submitted manuscripts to creating the 
typeset version of articles prior to the camera-ready 
copy.

This stage is interpreted as huge, responsible and 
psychologically demanding work. Initially, all sub-
mitted articles are checked for compliance with the 
subject matter and journal requirements. At this, 
from 15 to 50 % of articles are rejected for various 
reasons. The articles that passed the initial selection 
are sent out for “blind review” to two independent 
reviewers chosen from the reputed experts in the re-
lated research areas. 

The reviews received from them are sent to the 
authors to improve the manuscript accordingly and 
respond to the reviewers’ comments. Oftentimes, this 
stage is followed by the revised article returning to 
the reviewers to approve the improvements made and 
decide if the manuscript needs further correction. In 
some cases, the number of such iterations can be three 
or more. There is also the editorial team to control all 
stages of the author-reviewer interaction. Specifical-
ly, the editorial staff follow all the communi cations 
between them with an aim to optimize the publica-
tion process in order to finally obtain a high-quality 
end-product – a high-level scientific article. Upon 

Fig. 4. Members of the editorial team of the Earth’s Cryosphere journal.
From left to right: Nataliya G. Belova, Olga V. Levochkina, Olga M. Lisitsyna, Dmitry S. Drozdov, Nataliya V. Arutyunyan,  
Gleb E. Oblogov.

receiving the favorable review, the editorial team con-
tinues to work with the manuscript, while the pub-
lishing process moves on to the text editing.

At this stage, contributing authors may receive 
even more comments, than from the reviewers. This 
can be explained quite simply, since not all reviewers 
go into the article to the smallest detail and trace all 
the intricacies of the author’s thoughts. The bottom 
line is, they correct major mistakes or inconsistencies, 
while “minor” mistakes are largely ignored, ultimate-
ly letting “the devil lurk in the minutiae”. The editors 
must have understanding of the substance of the ar-
ticle and read the text to the greatest detail, from the 
usage of commas to the resolution of the scientific 
problem posed in the article. It's only after all the 
comments and corrections received from the editorial 
team are accepted, does the process approach the final 
stage and the article is forwarded to the Novosibirsk 
editorial office, where it goes through the editorial 
and graphic design phase done by technical editors, 
and thus the article turns into the final beautiful 
product, the proofreading-ready article, representing 
in itself almost what the readers will see.

A proofread article is returned to the editorial 
team and sent to the authors so that they can care-
fully check it for errors and format requirements. And 
only after that, the articles with all the comments of 
the authors are again collected in Moscow to be sent 
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to the Novosibirsk office, where the final typesetting 
of the upcoming issue of the Journal is prepared. The 
latter is also responsible for its distribution by sub-
scription.

As the finishing touches put to the Russian versi-
ons of the accepted articles, the second stage com-
mences, i.e. its translation into English, to prepare the 
English version of the Earth’s Cryosphere journal. The 
main burden falls on the translators, some of whom 
work at research institutes of the Siberian Branch of 
the Russian Academy of Sciences, or other organiza-
tions. They largely help the editors with the language 
and subject-specific terminology. Given that the 
translators involved change from time to time for va-
rious reasons, searching for new ones is always a press-
ing task of the editorial staff. After the articles are 
translated, they are checked by the authors and the 
staff of the editorial team, with the focus on the exact-
ness of rendering contextual meaning and terminolo-
gy. Aga in, the checked and proofread translated arti-
cles are sent to the Novosibirsk editorial office for 
typesetting.

The website constitutes an inseparable part of 
the Earth’s Cryosphere journal. Here one can find all 
the information about the Journal, manuscript sub-
mission rules and, most importantly, archived issues. 
For a long time the Journal’s website existed on the 
Academic Publishing House Geo platform (izdatgeo.
ru), where the Journal issues from 2006 to 2020 are 
stored in open access. Upon transformation of the Si-
berian Branch publishers, the izdatgeo.ru site is no 
longer maintained. More recent issues of the Earth’s 
Cryosphere journal (since 2021) are located on the 
new platform (https://sibran.ru/journals/KZ/). 

The Journal is fairly well read abroad. The librar-
ies of major universities, e.g. Cambridge University 
Press, subscribe to it. The authors receive up to 15–
25 responses from foreign scientists to the articles 
published in the Earth’s Cryosphere journal. In this 

regard, it is very important to immediately put elec-
tronic versions in the open access, especially the Eng-
lish versions. We are working on it, although the Si-
berian Branch of the Russian Academy of Sciences 
has a slightly different way of looking at this problem.

Due to the general economic situation and the 
aforementioned organizational changes taking place 
in the Publishing House of the Siberian Branch of the 
Russian Academy of Sciences, it is increasingly be-
coming difficult and expensive to publish the Journal 
every year. The cofounders change, while new spon-
sors are hard to find; meanwhile, the average journal 
cost continually increase. 

The Earth’s Cryosphere Institute (director Ma-
rat R. Sadurtdinov) and the P.I. Melnikov Permafrost 
Institute (director Mikhail N. Zheleznyak) from Si-
berian Branch of the Russian Academy of Sciences 
have long been the stronghold of the Journal. Any-
way, if other organizations, including those profit-
making, become interested in funding our Journal, we 
will gladly consider their proposal (please, contact 
any of the editorial staff member).

Lastly, on behalf of the editor-in-chief and all the 
editorial staff, I would like to thank all the geocryolo-
gists and professionals making up the interdisciplin-
ary team who help maintain and develop the Earth’s 
Cryosphere journal, which ultimately means fulfilling 
our common dreams!
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GEOTHERMAL FIELDS AND THERMAL PROCESSES IN CRYOSPHERE

VARIATIONS IN THERMAL DIFFUSIVITY OF THE TUNDRA COVER ACCORDING 
TO DATA FROM FIELD OBSERVATIONS DURING THE SUMMER PERIOD

S.G. Kornienko
Oil and Gas Research Institute, Russian Academy of Sciences,  
Gubkina str. 3, Moscow, 119333 Russia; spaceakm2@ogri.ru

Summer thermometric observations in the area of the Yamburg oil and gas condensate field have been used 
to calculate thermal diffusivity of moss (Sphagnum fuscum), shrubby lichen (Cladonia arbuscula), and two-
layer samples of soil-vegetation cover consisting of mixed vegetation (Empetrum nigrum, Vaccinium vitis-idaea, 
Carex arctisibirica) of varying thickness and sandy soil. For sphagnum and lichens, thermal diffusivity has been 
calculated for the periods with different weather conditions. Thermal diffusivity values obtained during the 
experiment are quite close to the previously published data on similar types of the tundra cover. At a depth of 
12 cm, the amplitude of daily temperature fluctuations under the vegetation cover decreases by 84–94 %. Its 
decrease by 37 % takes place in the upper layer of the tundra cover of 4.2–6.4 cm in thickness in dependence on 
the type of the cover. An abnormally high increase in thermal diffusivity of sphagnum moss takes place upon an 
increase in air humidity and precipitation at the end of summer. This fact confirms the unique thermal insulation 
properties of sphagnum moss providing conservation of ice wedges in the areas of drained sediments. At the mean 
daily air temperatures below 27 °C and relative air humidity above 49 %, the thermal diffusivity of the studied 
samples of the soil-surface cover can serve as an indicator of their thermal insulating properties.

Keywords: thermal diffusivity, soil-vegetation cover, tundra, air temperature, water content

INTRODUCTION

Relevance of in situ studies of the thermophysi-
cal properties of tundra vegetation is specified by the 
need to obtain objective data on the state and possi-
ble transformation of permafrost under the existing 
climatic trends and anthropogenic impacts. Changes 
in thermal insulation properties of the ground cover 
in the permafrost zone are one the main factors affect-
ing the depth of seasonal thawing and the volume of 
greenhouse gas emission. An increase in the mean 
 annual air temperature in the northern latitudes 
[Vasil’iev et al., 2020] is accompanied by changes in 
the species composition and density of vegetation 
cover, which, under certain conditions, may lead to 
either degradation or aggradation of permafrost 
[Konishchev, 2009; Anisimov and Sherstyukov, 2016]. 
Satellite images clearly indicate that modern climate 
warming has already led to increased productivity of 
tundra vegetation and greening of the Arctic [Beck 
and Goetz, 2011; Urban et al., 2014; Bhatt et al., 2017]. 
Simultaneous changes in climate and phytocenoses in 
the recent decades demonstrate the large-scale feed-
backs in the Arctic and Subarctic ecosystems. 

The soil-vegetation cover (SVC) plays a key role 
in the heat exchange of permafrost with the atmo-
sphere. The SVC is understood as the upper part of 
the active layer composed of the aboveground vegeta-
tion cover, litter, peat, or sod layer, and organic sub-
strate. The influence of the tundra SVC on the tem-

perature regime of soils can be estimated by thermal 
diffusivity (K) calculated from the daily temperature 
differences on the surface and at the bottom of the 
SVC [Ershov, 2004]. The thermal diffusivity was cho-
sen as a possible indicator of thermal insulating prop-
erties of SVC in situ primarily because of the simplic-
ity of measurements with the use of temperature log-
gers. Temperature loggers are commonly used in 
geocryological studies; however, there are hardly any 
results of their application in the study of variations 
in the thermal diffusivity of the tundra cover. In the 
context of such studies, data on the relationship be-
tween the thermal diffusivity of typical species of the 
tundra cover and weather conditions, first of all, air 
humidity, is also essential. The purpose of this work is 
to study and characterize variations in the thermal 
diffusivity values for the several types of the tundra 
SVC in the summer period under natural conditions. 
These studies included:

– Testing the techniques for determining the
SVC thermal diffusivity in situ on the basis of the 
long-term measurements using temperature loggers;

– Characterizing the relationship between the
thermal diffusivity of different types of the tundra 
cover and weather conditions;

– Assessing the use of thermal diffusivity values
as indicators of thermal insulating properties of the 
SVC. 

Copyright © 2022 S.G. Kornienko, All rights reserved.

http://earthcryosphere.ru/
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EXPERIENCE IN STUDYING THERMOPHYSICAL
PROPERTIES OF THE TUNDRA  

SOIL-VEGETATION COVER

Mosses, lichens, shrubs, and herbs predominate 
in the SVC of the Arctic and Subarctic tundra [Er-
shov, 2004; Morozova and Magomedova, 2004]. 
A thick ness of a moss mat varies from 0.01 to 0.2 m; 
sometimes, it can reach 0.5 m. Thermophysical prop-
erties of soils and peat have been well studied. Less is 
known about thermophysical properties of mosses, 
lichens, and vascular plants. 

Thermal diffusivity (K) of the tundra cover can 
be determined in situ from data on the attenuation of 
the amplitude of daily temperature f luctuation 
(DTF) with depth [Ershov, 2004]:

 
( )

π
=
t −

2

2
1 2

,
ln ln

zK
A Aday

 (1)

where A1 and A2 are DTF amplitudes at the surface 
of the cover and at a depth z, respectively; tday is the 
period of temperature fluctuations (usually, one day).

Ta b l e  1. Thermophysical properties of the samples of the tundra cover in the unfrozen state

No. Cover type rd,
g/cm3 Wn, % l,

W/(m⋅K)
Cn⋅10–6, 

W⋅s/(m3⋅K)
K⋅107, 
m2/s Source

1 17 bryophyte species 0.02–0.08 0–80 0.05–0.50 0.3–4.0 – [Soudzilovskaia  
et al., 2013]

2 Green moss 0.18 0–90 0.05–0.29 0.3–4.0 0.7–1.4 [Gavril’ev, 2004]
3 Sod, moss, lichen, herbaceous vegetation – 8–80 0.05–0.50 – 0.8–1.3 [Aleksyutina and 

Motenko, 2012]
4 Moss-lichen – 0–100 0.05–0.48 0.5–3.9 0.9–1.2* [Porada et al., 

2016]
5 Lichen 0.07 18 0.22 – – [Mandarov and 

Skryabin, 1978]
6 Moss brown 0.15 41 0.23 – – [Mandarov and 

Skryabin, 1978]
7 Sphagnum moss 0.18 17 0.28 – – [Mandarov and 

Skryabin, 1978]
8 Lichen 0.06 12 0.15 – – [Pavlov, 1980]
9 Moss brown, green and others 0.12 34 0.22 – – [Pavlov, 1980]

10 Sphagnum moss 0.12 43 0.28 – – [Pavlov, 1980]
11 Moss (Sanionia uncinata) 0.096 14* 0.17 – – [Osokin and Sos-

novsky, 2012] 
12 Moss (Hylocomium splendens var. alascanum) 0.059 12* 0.13 – – [Osokin and Sos-

novsky, 2012]
13 Lichen – – 0.13* – – [Fel’dman et al., 

1988]
14 Green moss – – 0.16* – – [Fel’dman et al., 

1988]
15 Sphagnum – – 0.31* – – [Fel’dman et al., 

1988]
16 Sod – – 0.40* – – [Fel’dman et al., 

1988]
17 Sphagnum moss – – 0.07 – 0.19 – – [Fukui et al., 2008]
18 Feather mosses (Hylocomium splendens  

and Pleurozium schreberi)
0.02–0.12 0–40 0.02–0.2 – – [O’Donnell et al., 

2009]
19 Sphagnum (Sphagnum fuscum) 0.04–0.17 0–90 0.03–0.43 – – [O’Donnell et al., 

2009]
20 Moss (Tomentypnum nitens) – – – – 1.1* [Gornall et al., 

2007]
21 Moss-lichen – – – – 1.8* [Pavlov, 1979]
22 Sedge-sphagnum – – – – 2.8* [Pavlov, 1979]
23 Sphagnum-shrubby – – – – 1.4* [Pavlov, 1979]
24 Green moss (with low water content) – – 0.19 – 1.0 [Ershov, 2004]
25 Lichen (reindeer lichen, dry) – – 0.17 – – [Ershov, 2004]

N o t e: rd – dry unit weight, Wn – volumetric water content, l – thermal conductivity coefficient, Cn – volumetric heat 
capacity, K – thermal diffusivity.

* Values calculated from the data given in the source.
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The real tundra SVC is a multilayer medium 
with heterogeneous thermophysical properties. In ad-
dition, heat exchange in a more porous upper layer of 
vegetation may have a convective component [Ste-
panenko et al., 2020]. Therefore, under natural condi-
tions, only effective values of the thermal diffusivity 
of the SVC can be estimated experimentally. An effec-
tive value of thermal diffusivity means the K value of 
the heterogeneous (in thickness) SVC equivalent to 
the K value of the homogeneous SVC of the same 
thickness and under the same conditions of nonsta-
tionary thermal influence. The thickness of the near-
surface layer (D), in which the amplitude of daily 
temperature fluctuations attenuates by 37 %, is deter-
mined by the formula [Stoy et al., 2012]:

 =
−1 2

.
ln ln

zD
A A

 (2)

The parameter characterizing the degree of DTF 
damping to a depth z can be calculated by a formula:

 
−

= ⋅1 2

1
100 %.

A A
M

A
  (3)

If the thermal conductivity coefficient (l) and 
bulk heat capacity (Cn) are known, K can be calcu-
lated from their ratio:
 K = l/Cn.  (4)

Table 1 demonstrates the values of dry unit 
weight (rd), volumetric water content (Wn), volu-
metric heat capacity, thermal conductivity, and ther-
mal diffusivity of the SVC samples in the unfrozen 
state, including those calculated from the data given 
in sources using Eqs. (1) and (4), as well as the rela-
tions between the volumetric and gravimetric water 
contents of the samples. 

Having analyzed 17 moss species [Soudzilovskaia 
et al., 2013], it was concluded that the thermal insu-
lating properties of mosses do not depend on their 
density, but only on the water content and the mat 
thickness. This conclusion is generally confirmed by 
the results given in [Mandarov and Skryabin, 1978; 
O’Donnell et al., 2009; Porada et al., 2016] (Table 1). 
On the basis of these data, the dependence l(Wn) is 
approximately the same in spite of a rather large scat-
ter of moss densities. The work [Porada et al., 2016] 
reports on the results of the modeling of the depen-
dences l(Wn) and Cn(Wn) for the bryophyte-lichen 
mat 4.5 cm thick and porosity of 80 %. The properties 
of mosses (without specifying the species) growing 
on the high drained areas have been considered, as 
well as the properties of lichens, because they are 
close to feather mosses in terms of density and the 
mechanism of water saturation [Stoy et al., 2012]. 

STUDY OBJECTS

The study area is located in the central part of 
the Taz Peninsula, in the Poilovoyakha River basin, 
within the territory of the Yamburg oil and gas con-
densate field (OGCF). This area belongs to the sub-
zone of southern Subarctic tundras. Figure 1 demon-
strates the location of the study area and observation 
sites as seen on satellite images [https://earth.google.
com.my/]. The Zyryanskaya and Kazantsevskaya ma-
rine plains and erosion-accumulative surfaces of river 
floodplains and terraces determine the relief of this 
area [Pavlunin et al., 2015]. The surfaces unaffected 
by gully erosion are flat, with insignificant differences 
in elevation. Observation sites (Fig. 1b) belong to the 
lacustrine-alluvial plain with absolute heights from 
26 to 43 m a.s.l. Interfluves are characterized by heavy 

Fig. 1. Schematic maps of the (a) location of the Yamburg OGCF in the Taz Peninsula and (b) study sites 1 
and 2. 
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bogging and wide distribution of lakes and flat-
topped peatlands. Mosses, lichens, dwarf shrubs, and 
shrubs predominate in the vegetation cover. 

The climate on the Taz Peninsula is maritime 
subarctic and is largely determined by its position 
close to the Kara Sea [Mel’nikov and Grechishchev, 
2002]. The mean annual air temperature at the Yam-
burg OGCF is –7.8 °C, the mean annual precipitation 
is 350–390 mm, and the snow cover depth is 56–
78 cm [Pavlunin et al., 2015]. 

The study area belongs to the zone of continuous 
300 to 400-m-deep permafrost. Permafrost tempera-
tures at the zero-amplitude depth (7–10 m) range 
from –0.5 to –3.5 °C. Permafrost includes epigeneti-
cally frozen sands and ice-bound loamy sands with a 
massive, rarely layered cryogenic texture. The active 
layer depth varies from 0.8 to 4.1 m and does not ex-
ceed 1.5 m in the areas with peat cover. The geologi-
cal section of the study area to a depth of 10 m is rep-
resented by the Upper Pleistocene lagoon–marine 
sediments of the Zyryansky horizon. They are mostly 
overlain by the modern biogenic sediments–peat and 
by sediments of the technogenic origin (filled up 
soils) represented generally by fine sands [Pavlunin et 
al., 2015].

Sites 1 and 2 near the Poilovoyakha River (red 
squares on Fig. 1b) were selected for thermometric 
measurements The distance between the sites is 
about 6 km. Both sites are characterized by flat poor-
ly dissected topography and are elevated at about 
32 m a.s.l. The first two observation points (points 1 
and 2) at site 1 characterize the area with drained 
peat on the surface dissected by an ice wedge of 20–

30 cm in width. This is the area of hummocky lichen-
moss-dwarf shrub tundra (Fig. 2a).

At point 1 located right on the ice wedge, the 
ground cover is represented by a 12-cm-thick sphag-
num moss (Sphagnum fuscum) mat with inclusions of 
haircap moss (Polytrichum commune) and lingonberry 
(Vaccinium vitis-idaea). At point 2, the ground cover 
consists of 12-cm-thick fruticose lichens (Cladonia 
arbuscula) underlain by peat. 

Points 3 and 4 at Site 2 characterize the area with 
drained sandy soils and a relatively uniform dwarf 
shrub-moss-sedge (Empetrum nigrum, Vaccinium vi  tis-
idaea, Carex arctisibirica) cover with some participa-
tion of low shrubs (Ledum decumbens, Betula nana) 
(Fig. 2b). The thickness of the vegetation cover at 
point 3 was 5 cm; at point 4, 2 cm. The depth of the 
active layer in this area ranged from 1.8 to 3.2 m. The 
distance between the observation points at each site 
did not exceed 1.5 m. To characterize weather condi-
tions, we used data from the Yamburg weather station 
located 37 km west of the study area (Fig. 1a). 

METHODS

Temperature was measured by the autonomous 
loggers HOBO U23-003 with an accuracy of ±0.2 °C. 
Figure 3 demonstrates the installation scheme of the 
temperature sensors. At points 1 and 2, the bottom 
sensors were placed 12 cm below the surface, directly 
under the moss (without contact with ice) and lichen 
covers; at points 3 and 4, they were installed in the 
sandy soil, 12 cm below the surface of the vegetation 
cover.

Fig. 2. Sites of thermometric observations with (a) dwarf shrub-moss-lichen and (b) dwarf shrub-moss-
herb vegetation covers in the area of the Yamburg OGCF.
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The sensors placed on the surface had shading 
canopies 10 × 30 mm in size. As the distance between 
the observation points at each site did not exceed 
1.5 m, the influence of the factors related to relief, in-
solation, and weather conditions was considered the 
same for both sites. Data were recorded after snow-
melt from June 23 to August 26, 2013, at 30-min in-
tervals. Data processing and analysis were performed 
using the HOBO Pro BHW and Excel Microsoft Of-
fice programs. Thermal diffusivity (K), amplitude 
damping (M) of the of diurnal temperature fluctua-
tion at a depth of 12 cm under the cover, and the 
thickness of the damping layer (D) of DTF attenua-
tion by 37 % were calculated by Eqs.  (1)–(3). In 
practice, it is recommended to carry out measure-
ments during 3–5 days under relatively stable weath-
er conditions (without rain) and use them to deter-
mine the average value of parameter K [Ershov, 2004]. 

To characterize the relationship between para-
me ters K, M, and D and the specific features of weath-
er conditions, the average values of these parameters 
were calculated for three evaluated periods of obser-
vations: A, B, C (Fig. 4, Table 2). These periods were 
characterized by relatively stable weather conditions, 
but differed in the mean air temperature (Ta) and air 
humidity (Wa).

In period A, anomalously high mean daily air 
temperatures were recorded; the temperatures at the 
surface of the ground cover reached 40–50 °C, and 
maximum daily temperature fluctuations at the sur-
face were 25–40 °C. Period B was characterized by 
the air temperatures close to the mean values for the 
whole cycle of observations. During period C, rela-
tively low air temperatures were recorded. Tempera-
ture records on the days of heavy rains were excluded 
from the analysis. Parameters K, M, and D were calcu-

Fig. 3. Schemes of the temperature sensor arrangement at observation points 1, 2, 3, and 4.
VC – vegetation cover.

Fig. 4. Mean daily air temperatures (Ta) for the en-
tire cycle of observations.
A, B, and C are the periods of estimation of thermal diffusivity 
(K) and parameters M and D for different weather conditions. 
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lated for each day after averaging the temperature 
data with a step of 2 h. 

RESULTS

In view of a relatively large distance (6 km) be-
tween the observation sites, the comparison of the 
results for the points located in close proximity to one 
another (1.5  m) can be considered more correct. 
Therefore, we compared the results separately for 
points 1 and 2 (Site 1) and 3 and 4 (Site 2). Figure 5 

demonstrates the plots of the temperatures at the sur-
face and under the SVC (data averaged for 3 days), 
mean squared deviation (MSD) of temperature dis-
tributions, mean values (horizontal lines), and differ-
ence (DT) of the mean temperatures at the surface 
and under the SVC during the entire period of obser-
vations. Position of the curves and MSD and DT val-
ues indicate that, on average, during the summer, 
thermal insulation of the cover at point 1 was lower 
than at point 2 (Figs. 5a and 5b); at point 3, it was 
higher than at point 4 (Figs. 5c and 5d). 

Figure 6 illustrates the plots of daily variations 
and mean values (horizontal lines) of K of the studied 
samples of SVC for the entire period of observations. 
During this period, thermal diffusivity K varied by an 
order of magnitude at point 1 (Fig. 6a) and by four 
times at point 2. At points 3 and 4, it varied by ap-
proximately three times (Fig. 6b). Such a significant 
variation of the actual values of thermal diffusivity 
was generally caused by the extreme variations in 
temperature, air humidity, and precipitation. 

The mean values of K, M, and D of the studied 
samples during three observation periods (A, B, C) 
are given in Table 2 and Figs. 7a, 7c, and 7d in the 
form of diagrams. 

The difference in K for points 3 and 4 is quite 
natural, because the sand layer at point 4 is consider-

Ta b l e  2. Average values of thermal diffusivity (K), 
 parameter M, and damping depth (D) of the cover  
 samples for three periods of observations (A, B, C)  
 with different values of air temperature (Ta)  
 and water content (Wa)

Point 
No. 

Period А 
(June 21–27)
Тa = 27.3 °С; 
Wa = 49 %

Period B
(August 2–6)
Тa = 14.8 °С; 
Wa = 70 %

Period C 
(August 18–26)

Тa = 9.8 °С; 
Wa = 79 %

K⋅107, 
m2/s

M,
%

D, 
cm

K⋅107, 
m2/s

M,
%

D, 
cm

K⋅107, 
m2/s

M,
%

D, 
cm

1 0.791 90.6 4.6 0.931 89.1 4.9 1.265 86.1 5.7
2 0.664 93.9 4.3 0.831 91.8 4.8 0.870 91.5 4.9
3 0.914 90.8 5.0 1.164 88.1 5.6 1.035 89.5 5.3
4 1.299 86.5 6.0 1.514 84.5 6.4 1.496 84.6 6.4

Fig. 5. Variations in temperatures (T) averaged over 3 days at the surface (I) and under the soil-vegetation 
cover (II) at points 1–4 (a–d) over the entire period of observations.
MSD is the mean squared deviation of the temperature distribution; DT is the difference between mean temperatures at the surface 
and under the soil-vegetation cover.
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Fig. 7. Mean values (a) and mean squared deviation (MSD) (b) of thermal diffusivity (K), parameter M 
(c), and damping depth (D) (d) of the soil-vegetation samples by observation periods A, B, and C.

Fig. 6. Variations in thermal diffusivity (K) over the entire period of observations at (a) Site 1 and (b) 
Site 2; 1–4 are the points of observations.

ably thicker than that at point 3. The values of K are 
significantly higher for sphagnum mosses than for li-
chens, especially during the “cold” period B. In com-
parison with other samples, moss is characterized by 
anomalously high MSD of thermal diffusivity values 

for the estimated periods, especially, for the “cold” pe-
riod B (Fig. 7b).

Average values of parameter M, which character-
izes the degree of damping of daily temperature fluc-
tuations at a depth of 12 cm, range from 84 to 94 % 
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(Table 2, Fig. 7c). For the analyzed SVC types, the 
damping by 37 % (parameter D) takes place in the 
near-surface layer with a thickness from 4.2 to 6.5 cm 
(Table 2, Fig. 7d). 

DISCUSSION

The average K values for points 1 (sphagnum) 
and 2 (lichen), obtained during the experiment (Tab-
le 2) are quite close to the published data on the ana-
logous cover types (Table 1). This fact attests to the 
correctness of the measurements, calculations, and 
prospects for the use of temperature loggers to cha-
racterize thermal diffusivity for different types of the 
tundra SVC. 

Thermal diffusivity values of sphagnum mosses 
and fruticose lichens do not differ significantly at the 
high and normal air temperatures (periods A and B) 
(Table 2, Fig. 7a). A decrease in air temperatures and, 
consequently, an increase in atmospheric moisture 
leads to an increase in K both for mosses and lichens. 
It is known that K of mosses and lichens is almost in-
dependent of temperature, but depends on the water 
content. Therefore, K may be mostly increased due to 
increasing the air humidity and intensity of precipita-
tion by the end of summer. For lichens, K increased 
by a factor of 1.3 at most, which is close to K growth 
trends for some types of the tundra cover [Aleksyuti-
na and Motenko, 2012; Porada et al., 2016] upon an 
increase in their water content. At the same time, K of 
mosses increased by 1.6 times during the transition 
from higher to lower air temperatures (Table  2, 
Fig. 7a). The difference in changes of thermal diffu-
sivity under the same conditions for sphagnum and 
lichens may be related to the difference in the mecha-
nisms of moisture saturation. 

At points 3 and 4, K variations are almost the 
same and are less significant than those for sphagnum 
mosses (Table 2, Fig. 7a), which is indicative of iden-
tical and weak hygroscopic properties of the SVC at 
these points. Relatively high values of MSD of ther-
mal diffusivity of sphagnum mosses for all periods of 
estimation (Fig. 7b) are most likely associated with 
their hygroscopic properties and heat exchange, be-
cause MSD of K for lichen sample is significantly 
lower.

Temperature measurements at the surface and at 
the bottom of the SVC indicate that, in summer, ther-
mal insulating properties of sphagnum moss over the 
ice wedge are lower than those of fruticose lichens 
over peat (Figs. 5a and 5b). The average values of 
thermal diffusivity of sphagnum mosses calculated for 
each observation period were higher than those of li-
chens (Table 2, Fig. 7a). Similarly, for the SVC sam-
ples, including sandy soil and mixed vegetation with 
different thickness, the thermal insulating effect was 
higher in the sample with a lower K value (point 4). It 
follows that, under similar conditions, thermal diffu-

sivity for these types of the SVC can serve as an indi-
cator of their thermal insulating properties in the 
same way as the thermal conductivity coefficient.

It was earlier shown that moisture saturation of 
live feather mosses (Hylocomium splendens and Pleu-
rozium schreberi) reached only 40 % of the total water 
capacity, while live sphagnum (most often, Sphagnum 
fuscum) could be saturated up to 90 % of the total 
water capacity due to capillary rise of water [O’Don-
nell et al., 2009]. The thermal conductivity coeffi-
cients of live feather mosses and live sphagnum are 
almost equally dependent on the volumetric water 
content up to Wn = 40 %. The only difference is that, 
in the real conditions, the water saturation of feather 
mosses and lichens is limited by the atmospheric 
moisture content, while sphagnum mosses can be 
 additionally saturated by groundwater. By early 
 autumn, the water content and thermal conductivity 
of all types of the SVC increase. However, the water 
content of sphagnum is significantly higher than that 
of feather mosses and fruticose lichens. During the 
transition to the frozen state, l of feather mosses and 
lichens increases by 1.5–2 times. At the same time, 
owing to a higher water content, l of sphagnum in 
the frozen state becomes several times higher than 
that of feather mosses and lichens. In this regard, 
sphagnum moss can be considered to have unique 
thermal insulating properties in drained areas thus 
preventing wedge ice from melting. During hot sum-
mer days, sphagnum moss is a good insulator, and 
during cold winter days, it is a good heat conductor 
[Park et al., 2018].

It was previously reported that the depth of the 
active layer under sphagnum mosses is significantly 
lower than that under green forest mosses and lichens 
[Bakalin and Vetrova, 2008; Fukui et al., 2008; Loranty 
et al., 2018]. However, in the heavily watered areas, 
sphagnum significantly reduces its thermal insulating 
properties in summer, because it constantly occurs in 
the wet state and does not dry out even on hot days. 
In such areas, frozen soils under sphagnum occur 
deeper than in the areas with the normal water con-
tent of the soil cover [Kargopolov, 2001]. Therefore, 
when the sites are heavily watered and feather mosses 
and shrubby lichens are replaced by sphagnum moss-
es, an increase in the depth of the active layer is ex-
pected [O’Donnell et al., 2009].

CONCLUSIONS

Variations in the effective values of thermal dif-
fusivity of sphagnum mosses (Sphagnum fuscum, 
12 cm thick) over the ice wedge and fruticose lichens 
(Cladonia arbuscula, 12 cm thick) over peat were 
characterized on the basis of continuous thermomet-
ric measurements in the area of the Yamburg oil and 
gas condensate field in the summer period. Addition-
ally, measurements were performed for the two-layer 
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soil-vegetation samples (12 cm thick) consisting of 
the mixed vegetation cover (Empetrum nigrum, Vac-
cinium vitis-idaea, Carex arctisibirica) of 5 and 2 cm in 
thickness underlain by sandy soil. The obtained aver-
age values of thermal diffusivity for sphagnum mosses 
and fruticose lichens are quite close to the previously 
published values for these types of the tundra cover. 
This attests to the correctness of the measurements 
and calculations and to good prospects of using tem-
perature loggers for in situ determination of thermal 
diffusivity of different types of the tundra soil-vegeta-
tion cover.

Compared to lichens, sphagnum mosses under 
the same weather conditions were characterized by a 
more significant K growth upon the decrease in the 
mean daily air temperature from 27.3 to 9.8 °C and 
the rise in relative air humidity from 49 to 79 %. This 
fact confirms the unique thermal insulating proper-
ties of sphagnum mosses for protecting wedge ice 
from melting, because sphagnum is a good insulator 
at high above-zero air temperatures and is a good heat 
conductor at subzero temperatures. 

The results of temperature measurements point-
ed to a decrease in the amplitude of daily temperature 
fluctuations by 84–94 % at a depth of 12 cm under 
the studied soil-vegetation samples. A decrease by 
37 % took place at a depth of 4.2–6.4 cm depending 
on the type of the vegetation cover. Variations in the 
damping depth of the amplitude of daily temperature 
fluctuations related to changes in the weather condi-
tions were most significant for sphagnum mosses. 

The results of this study confirm that, under real 
conditions, at the mean daily air temperature of 27 °C 
and below and the relative air humidity over 49 %, 
thermal diffusivity of the considered types of tundra 
soil-vegetation cover is indicative of its insulating 
properties. 
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Reconstruction of paleoenvironmental conditions, genesis of sediments, and permafrost evolution, as well 
as identification of cryogenic and paleocryogenic formations from sediment cores are among key scientific prob-
lems of cryolithology. We have analyzed grain-size distribution, geochemistry, and water content of sediments 
from the permafrost section in the north of the Pur-Taz interfluve (West Siberia). Moreover, we have described 
the floristic composition of plant remains, their age and the cryostructures found within these sediments. Opti-
cal and electron microscopy have been applied to reveal the micromorphological features of thin sections and 
rock specimens. Based on the sediment core data from the borehole, we have established the alluvial, lacustrine, 
and colluvial geneses of sediments. Furthermore, we have reconstructed the conditions of sediment deposition 
in this area and have established the Karginsky age of these sediments. This age corresponds to the third lacus-
trine–alluvial plain in the lower course of the Taz River. The conditions of the early diagenetic transformation 
of sediments, as well as epicryogenic and syncryogenic structure types have been reconstructed based on cryo-
genic and post-cryogenic formations, cryostructures, microstructure, and authigenic minerals. We have also 
reconstructed the Late Pleistocene sequences of freeze–thaw cycles in the upper part of the permafrost section 
of the Pur-Taz interfluve.

Keywords: cryogenic structure, post-cryogenic formations, genesis, age, composition, microstructure, authi-
genic minerals of sediments

INTRODUCTION

The determination of the initial freezing type 
(syngenetic or epigenetic) of thawed or refrozen sedi-
ments, as well as traces of consequent freeze–thaw 
cycles in the upper permafrost section are among the 
major problems of cryolithology. Traces of sedimen-
tary, early diagenetic, and cryogenic processes are of-
ten present within the same geological unit. There-
fore, it is required to consider different features for 
determining the dynamics of deposition and its envi-
ronment, freezing type and thawing traces while in-
terpreting the lithology and elements of cryogenic 
and post-cryogenic structure. These features can help 
in the reconstruction of synchronous and superim-
posed transformations. The interpretation of the sec-
tion using the borehole data only in case of exposure 
absence is probabilistic, because it is impossible to 
obtain a full morphological pattern and details of 
cryogenic and post-cryogenic formation structures. 

We carried out cryolithological research aimed 
at studying the consequences of staged changes of 

frozen/thawed states in the upper permafrost section 
of the Pur-Taz interfluve in West Siberia. Our sedi-
ment core data allowed us to determine (1) the gen-
esis, deposition environment, and age of sediments; 
(2) stages and types of freezing/thawing in the sec-
tion with sufficient confidence; and (3) their interre-
lationships with paleoenvironmental changes in the 
Late Pleistocene.

The area of our study belongs to the Kharasavey-
Novy Urengoy subzone of the continental geocryo-
logical province of the West Siberian Plate and is 
characterized by continuous syncryogenic and epic-
ryogenic permafrost [Ershov, 1989]. The area is lo-
cated in the northeast of the Pur-Taz interfluve, 
20 km from the Tazovsky settlement. It belongs to the 
southern tundra subzone within the plain with abso-
lute heights ranging from 10–16 to 35–60 m a.s.l., 
poorly dissected topography, and polygonal microto-
pography on elevated ridges (Fig. 1). The plain is dis-
sected by river valleys, lakes, and thermokarst de-

Copyright © 2022 E.A. Slagoda, А.А. Novoselov, Е.S. Koroleva, А.О. Kuznetsova, V.I. Butakov, Ya.V. Tikhonravova, 
E.P. Zazovskaya, All rights reserved.
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pressions (khasyreys) with polygonal peat plateaus 
[Trofimov et al., 1987]. Ice wedges in peatlands, ther-
mokarst and thermoerosional depressions, bulgunny-
akhs, polygonal microtopography, and frost boils are 
widespread in this area [Vasil’chuk and Vasil’chuk, 
2016; Tikhonravova et al., 2020]. Initially ground 
veins, single and multi-tiered pseudomorphs and dis-
tinct polygonal topography resulting from the melt-
ing of ice wedges are evidences of permafrost evolu-
tion in this area. Pseudomorphs are located within 
the thawed and frozen epicryogenic Late Pleistocene 
sediments [Shmelev, 1966; Zykina et al., 2017]. Little 
is known about post-cryogenic formations and micro-
morphology of sediments related to cryogenic pro-
cesses in the section of the Pur-Taz interfluve. 

OBJECT AND METHODS

The study object is sediment core sampled from 
borehole 1-16 drilled on an elevated polygonal sur-
face (28 m a.s.l.) within the basin of left tributaries of 
the Taz River in its lower course. The 8.8-m-deep 
borehole penetrated the Late Pleistocene sands and 
loamy sands in the frozen (with the temperature of 
–3  °С) [Khomutov et al., 2019]) and seasonally 
thawed (0–1.4 m) states. Pits 1/17 and 1/18 on the 

slope with polygons and numerous mineral frost boils 
(Fig. 1B) exposed thawed sediments to a depth of 
2.4 m [Slagoda et al., 2019]. The description of the 
geological section is given in Table 1 and Fig. 2.

We studied the cryogenic structure of the core 
and determined the water content, grain-size distri-
bution, ionic composition of the water extract from 
the sediments, and the content of plant remains in the 
core samples of 59–94 mm in diameter. Sedimentary, 
cryogenic, and post-cryogenic structure elements 
were identified within the undisturbed frozen and 
thawed parts of the core. 

Grain-size distribution in 21 samples was mea-
sured using a Mastersizer 3000 laser diffraction parti-
cle-size analyzer [Kurchatova and Rogov, 2014]. We 
determined the (i) mineralogical composition, (ii) 
sedimentary and superimposed post-cryogenic micro-
structures, (iii) shape of terrigenous particles, and 
(iv) authigenic minerals using an Olympus-BX53M-
TRF polarizing microscope (for seven thin sections) 
and a Hitachi TM3000 scanning electron microscope 
(SEM) combined with SwiftED3000 energy disper-
sive X-ray spectrometer [Kurchatova and Rogov, 
2020]. 

Plant remains extracted from the sediment core 
were identified using microscopy and reference col-

Fig. 1. Study area in the northeast of the Pur-Taz interfluve.
A – overview map; B – scheme of pit locations (Google Earth, Landsat [2020] as background): (1) study site, (2) borehole, (3) pits, 
and (4) elevation marks.
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Ta b l e  1. Summary description of sediments on the Pur-Taz interfluve  
 in samples from borehole 1-16 and soil pits 1/17 and 1/18

Layer number; 
depth, m Sediment description

7,  
0.4–0.0

Frequent interbedding of loamy sand and silty sand with crumpled bedding, lenticular-reticulate post-cryogenic 
structure, cryoturbation, and modern roots. Loamy sand and sand compose intrusions and mud boils on the sur-
face. Two tiers of mud boils displaced downslope and inclined humus veins were exposed in this layer in pits 1/17 
and 1/18. The soil between bare surface of mud boils represents a humified reddish brown loamy sand (to a depth 
of 0.2 m) roots of modern dwarf shrubs, mosses and lichen residues, and humus tongues of up to 0.5 m in length. 
The entire layer is thawed. Water content W = 16–18 %

6,  
2–0.4

Gray loamy sand with interlayers of yellowish and light gray silty sands, with numerous dark brown mottles along 
decomposed plant roots. The bedding is wavy, tilted in the lower part parallel to the uneven sloping surface of the 
underlying layer and indistinctly subhorizontal in the upper part. Vertical streaks and mottles of ocherous and 
yellow-colored masses enriched in iron compounds. Layers of 1–10 cm in thickness have numerous folds, displace-
ments, interpenetrations, discontinuities, and wavy boundaries. The top of the layer is uneven, complicated by the 
upward intrusion of loamy sand and by the ends of humus tongues from the top. In the borehole, sediments are 
in the frozen state from a depth of 0.4 m and have massive cryogenic structure; in the upper part of the layer, thin 
lenticular structure parallel to the surface, W = 36–40 %. On the slope, the layer is in a thawed state (to a depth 
of 2.4 m, pit 1/17)

5,  
4.25–2.0

Light gray, brownish and yellowish fine sand and silty sand; in the lower part, with an admixture of medium-
grained sand; in the upper part, with interlayers of loamy sand; numerous in situ decomposed grass roots; horizon-
tal, slightly tilted, was vertical bedding; with ocherous streaks and mottles. The bedding is disturbed by a large 
tongue (> 1.1 m in the vertical direction, ≥5 cm in width) penetrating into the underlying layer and composed 
of sand and loamy sand enriched in ocherous iron compounds, with numerous black iron–organic concentrations 
on side walls (Fig. 3). Thin layers are wavy, smoothly curved upward along the streak and dissected by closed 
cracks; they are complicated by interpenetration, flexures, and downward displacement of fragments. The upper 
boundary is sharply uneven, complicated by small (1.5–2 cm) streaks from the top in the core sample from the 
borehole. In pit 1/17, at a depth of 2 m, a large (0.5-m-wide and 0.4-m-deep) subsidence composed of tilted layers 
of loamy sand and sand was exposed; it is associated with depressions in the polygonal relief (Fig. 1B). The lower 
part contains sparse wavy horizontal ice lenses ≤0.1–0.2 cm thick, which cut through layering and deformations, 
W = 18–22 %. In the upper part, thin lenticular structure parallel to the surface is observed, W = 31 %

4, 
5.05–4.25

Tobacco-gray loamy sand (Fig. 2) with silty coatings; nests and streaks of light silty sand; in the upper part, inclu-
sions of decomposed plant detritus and ocherous mottles. The horizon is broken by sand streaks into rectangular 
and platy blocks up to 4 cm in size in the lower part and 1–1.5 cm in size in the upper part. These streaks shape 
a cellular structure. The upper boundary is eroded, sloping, and complicated by large (7–10 cm). The cryogenic 
texture is massive and tilted lenticular-broken. Loamy sand cemented by ice has the water content W = 24–27 %; 
sand with schlieren ice, 54 %

3,  
6.65–5.05

Alternation of light silty fine sand, greenish peaty loamy sand, and bluish gray loam. Deposits in frozen and thawed 
states with numerous bluish spots along in situ grass roots and with ocherous streaks a at the contacts of layers of 
different compositions. Layering is thin, frequent, horizontal and tilted and shearing, complicated by vertical and 
oblique wavy streaks from the top with a height of more than 10 cm. A large streak was identified in the layer in 
the core samples from a depth of 5.5–6.2 m; numerous breaks and displacements of blocks 0.5 × 1.5 cm in size at 
the bottom and 2 × 4 cm at the top of the layer (Fig. 3). The sediments contain blue concentrations of vivianite 
0.1 cm in size and inwashed detritus of shrubs and mosses Drepanocladus sp. with radiocarbon date of 45 205 ± 400 
(5827 IGRANAMS ) BP. Massive and lenticular cryogenic structure; ice lenses at the bottom of the layer are thin 
(<0.1 cm); in the upper part, 0.2–0.4 to 1.0–1.5 cm, W = 21–23 %. The top of the layer in the frozen state is masked 
by ice lenses and is distinguished from the overlying layer by changes in the color of the thawed sediment and by 
finer texture of the overlying sediment layer

2, 
7.0–6.65

Loamy sand, fine sand, and loam; gray and dark gray, with inclined sedimentation layering broken by streaks and 
oblique fractures into flattened blocks of 1 × 2.5–3 × 4 cm in size. Numerous black mottles along filiform roots in 
situ; blue concentrations of vivianite and lenses of alluvial decomposed plant detritus. Massive cryogenic struc-
ture, W = 29 %. The upper boundary is distinct, eroded, with streaks of ocherous sand

1, 
8.8–7.0

Gray fine sand with multidirectional parallel and tilted sedimentation bedding; acute-angled fragments of clay 
(1 cm), with thin (≤1 mm) tilted bedding and with small ripples from inwashed brown plant detritus (Fig. 2). The 
remains of cotton grass, dwarf shrubs, and green mosses of Drepanocladus sp., Calliergon sp., and Brachythecium 
sp. with radiocarbon date of 49 110 ± 610 (5828 IGRANAMS ) BP. Massive cryogenic structure, W = 21–28 %. The 
upper boundary is smooth, gently sloping

lection and plant guides [Kats et al., 1977]. Radiocar-
bon ages were obtained at the Collective Use Center 
“Laboratory of Radiocarbon Dating and Electron Mi-
croscopy” of the Institute of Geography of the Rus-
sian Academy of Sciences (Moscow) and at the Cen-
ter for Applied Isotope Studies, University of Geor-
gia (USA) [Reimer et al., 2013].

These analytical methods allowed us to reveal 
the traces of sedimentary, early diagenetic, pedoge-
netic, syn- and epicryogenic processes of freezing, 
thawing, and weathering in the Late Pleistocene sed-
iments, because we used separate sets of lithogenetic 
facies [Romanovsky, 1977] and cryolithological fea-
tures identified in the core samples.
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Fig. 2. Cryolithological structure of the third lacustrine–alluvial plain of the Pur-Taz interfluve according to 
sediment core data from borehole 1-16 (A) supplied with data from pits 1/17 and 1/18; cryogenic structures 
in the frozen sediment core (B, black color on photos corresponds to ice).
(1) yellowish (a) and gray (b) sand, (2) loamy sand, (3) loam, (4) autochthonous (a) and deposited by stream (alluvial) synchro-
nously to growing (b) peat, (5) in situ plant roots and alluvial plant detritus (b); (6) ocherous-colored (a) and gray-colored (b) 
mottles and streaks and vivianite concentrations (c); (7) permafrost table (a) and base of relic talik (b); cryogenic structures: (8) 
massive (a) and micro- and thin lens-type (b); (9) layered, lens-type (a) and tilted broken lens-type (b); (10) post-cryogenic 
structures (a) and pseudomorphs (b); (11) boundaries of washout (a) and sediment layers (b); (12) layer number; (13) radiocarbon 
age sampling points. Grain-size fractions, mm: (14) clayey, (15) silt, (16) sand (a – very fine, b – fine, c – medium). 

It is known that staged changes in frozen/
thawed states of sediments appear as a variety of syn-
chronous or superimposed cryogenic and post-cryo-
genic formations [Romanovskii, 1993] combined with 

the lithogenetic and facies features of the sedimenta-
ry stratum. To identify post-cryogenic formations, we 
analyzed signs of cryogenesis in the frozen and 
thawed parts of the section and data on grain-size dis-
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tribution, mineralogical composition, and micro-
structure of sediments.

It is established [Zigert, 1981; Konishchev and 
Rogov, 1985; Zigert and Slagoda, 1990; Slagoda, 2005; 
Rogov, 2009] that multiple freeze–thaw cycles of syn-
cryogenic sediments lead to (i) deformation of sedi-
mentary layering and partial destruction of terrige-
nous particles and (ii) authigenic mineral formation 
and specific aggregation and ring-shaped microstruc-
tures that are preserved as post-cryogenic formations 
of different sizes after permafrost thawing. Layered, 
reticulate, and tilted broken lens-type cryogenic 
structures exist within epicryogenic permafrost. Ini-
tial post-cryogenic structures and early diagenetic 
structure elements may also persist [Slagoda et al., 
2015]. Thawing of epicryogenic sediments can lead to 
(i) closure of ice voids, (ii) formation of post-cryo-
genic structure patterns as a result of discontinuities 
and displacements of layers, (iii) compaction of sedi-
ment blocks, and (iv) ferrugination and new forma-
tion of minerals [Slagoda and Kurchatova, 2008; Sla-
goda et al., 2014].

RESULTS

The structure of the upper part of permafrost cor-
responding to the third lacustrine–alluvial terrace in 
the northeast of the Pur-Taz interfluve and the results 
of analytical studies are shown in Figs. 2 and 3. We 
have used different data for determining the dynamics 
of sediment deposition environment [Reineck and 
Singh, 1981]: (i) grain-size distribution summarized 
on R. Passega’s diagram (Fig. 4A), (ii) grain round-
ness, (iii) layering characteristics and the presence of 
washout within the section. We used chemistry of wa-
ter extracts and the composition of plant remains to 
substantiate facies conditions of deposition.

Sediments of layers 1–3 were associated with the 
influence of a permanent stream of moderate to low 
intensity, possibly gradually becoming shallow. This 
was concluded given the (i) sedimentary layering, (ii) 
small wave ripples and deposition of detritus, (iii) el-
evated content of medium-grained particles at the 
bottom and small-grained particles in the upper part, 
(iv) decline of grain-size median values (Мd) from 
0.215 to 0.04–0.02 mm and the sorting factor (So) 
increase from bottom to top within the section, and 
(v) the position of the samples on the diagram 
(Fig. 4A). Sediments were nonsaline: the sum of solu-
ble salts was 88–258 mg/kg or 0.01–0.03 %. The con-
centrations of ions of soluble salts were in as follows: 
Cl– < HCO3

– < SO4
2– or SO4

2– < Cl– < HCO3
–  for an-

ions and Mg2+ < Ca2+ for cations. These sediments 
layers were formed in subaerial conditions, most like-
ly in the forest-tundra or northern taiga zones ac-
cording to the composition of soluble salts and the set 
of plant remains, including mosses (Table 1) growing 
on wetlands, peatlands, and old trees. Layer 3 differed 

from the underlying layers by the presence of defor-
mations, large streaks, predominance of acute-angled 
clastic particles with fresh cleavages (Fig. 4B), and 
ocherous coloration in the frozen state owing to the 
presence of iron hydroxides. Sediments of layers 1–3 
deposited were 49–45 ka BP, in the first half of the 
Karginsky (middle Wisconsin) period.

Sediments of layer 4 were characterized by the 
uneven disturbed sedimentary layering, fine-grained 
composition (Мd = 0.031 mm), and high sorting fac-
tor values (So = 2.1). On the diagram, this sample lies 
in the area of homogeneous suspensions, which al-
lowed us to identify it as the sediment of the reservoir 
(likely, lake sediment) with low flow regime.

Layers  5 and 6 are composed of silty sands 
(Мd = 0.064–0.099 mm) with the disturbed layering 
structure, with So values varying from 1.7–1.9 to 
1.9–2.2, respectively. On the diagram (Fig. 4A) these 
sample lie within the areas of homogenous and grada-
tional suspensions, which corresponds to the sedi-
ments of surface flows and permanent streams with 
low intensity on slopes. 

Layer 7 belongs to active layer and is composed 
of sands and loamy sands (Мd  =  0.074–0.08  mm; 
So = 1.9–2.3) disturbed by numerous cryoturbations 
and plant roots. 

Taking into account these features, we have 
identified the following lithogenetic types in the sec-
tion: layers 1 and 2 belong to stream channel alluvi-
um; layer 3 with the disturbed sedimentary layering 
belongs to floodplain alluvium; layer 4 consists of 
sediments deposited in the water reservoir with low-
flow stream; and layers 5, 6, and 7 are deluvial (slope 
washout, sheet erosion) or proluvial (erosion by tem-
porary streams) (colluvial) sediments of temporary 
streams of low intensity (alluvial fans). 

According to mineralogical composition, sedi-
ments of the entire section are dominated by feldspar 
and quartz grains. The sediments contain biotite, 
muscovite, epidote-zoisite, tourmaline, leucoxene, re-
deposited green glauconite, charcoal particles, frag-
ments of diatoms, and sponge spicules. Terrigenous 
components could come from the erosion of Jurassic, 
Cretaceous, and Paleogene rocks and Quaternary ma-
rine sediments in this region.

Quartz grains in layers 1 and 2 are mainly angu-
larly rounded, rarely cracked in situ. In layers 3–7, 
acute-angled and angular-rounded fragments, frac-
tured, and with traces of dissolution and regeneration 
predominated. Fine-grained part of the sediments 
consists of the mixture of clay minerals: illite, chlo-
rite, and mixed-layered aggregates with an admix-
ture of siliceous and organic residues (Figs. 5a–5g; 
Fig. 6a). Clastic components and microaggregates are 
covered with thin discontinuous films of clay miner-
als (Figs. 6b and 6d). These features of the sediment 
composition are associated with post-sedimentary 
transformation.
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DISCUSSION

We have revealed various cryogenic and post-
cryogenic formations and defined their synchronous 
and superimposed character based on the obtained 
results of lithogenetic and facies features of sedi-
ments. The increase in the silt fraction content and 
the predominance of acute-angled clastic particles in 
floodplain, lacustrine, and colluvial cryogenic commi-
nution under syngenetic freezing. Within the sedi-
ments, we have revealed in situ thawed and subse-
quently frozen sediments characterized by initial 
cryogenic and superimposed post-cryogenic struc-
tures and other features. Three groups of features can 
be distinguished:

1) Post-cryogenic macrostructures correspond-
ing to the first stage of freeze–thaw cycle: blocky, re-
ticulate, subangular blocky aggregates with iron ox-
ide films, as well as complex multi-order aggregate 
and ring-shaped microstructures identified in the 
thin sections, fractures, and acute-angle clastic grains.

2) Gradual and abrupt (possibly along cracks) 
displacements of layer fragments relative to one an-
other (mainly associated with thawing and early dia-
genetic transformation of thawed sediments), rup-
tures, streaks, and filling of voids with sediments from 
overlying horizons; deformations of sedimentary lay-

Fig. 3. Macrostructures and deformations in thawed sediment core from borehole 1-16:
(1) boundaries of washout between layers; (2) abrupt (a) and gradual (b) lithological boundaries; (3) zones of shifts, displacements 
of fragments, and layer breaks along closed and filled voids; (4) ocherous-mottles; (5) angular clay pellets; (6) voids from thawed 
ice lenses; (7) vivianite; (8) scale bar (unit – 1 cm). 

Fig. 4. Passega’s diagram [Reineck and Singh, 1981], lithogenetic sediment types of the third lacustrine–
alluvial plain of the Pur-Taz interfluve (A) and roundness of clastic particles in layer 3 (depth 6.4 m) (B).
Md – median (50 % of the content), C – maximum diameter (99 % of the content); I – permanent stream alluvium, riverbed and 
floodplain alluvium (layers 1–3); II – subaerial delta sediments, colluvium (proluvium and deluvium) of temporary water streams 
(layers 5–7); III – sediments of exorheic water reservoirs (layer 4). Figurative sediment points of borehole 1-16 and pits: (1–7) – 
layers 1–7.

ering upon subsidence of sediments, and wavy, scal-
loped boundaries of layers (due to the compaction of 
multi-order aggregates).

3) Cryogenic structures corresponding to the 
last stage of freezing: inclusions of ice and voids from 
their thawing in the sediment core.

Stream channel sediments (layers 1 and 2) are 
characterized by bluish gray color of sands associated 
with reducing conditions and high water content. 
The frequency of small disturbances in layered mac-
rostructure in the form of cracks, shears, and crushing 
of small ripples (Fig. 3) increases from the bottom to 
the top in the section of these two layers, especially 
within the interlayers of silty sands with plant re-
mains. The microstructure of the sediments is charac-
terized by (i) vertical fractures of thin interlayers 
without displacement, (ii) enrichment of the fracture 
zones with clastic particles from the overlying layers, 
and (iii) depletion in clay particles (probably, due to 
melting of ice inclusions). Sediment deposition was 
accompanied by in situ cracking of quartz grains dur-
ing freeze–thaw cycles (Fig. 5g).

Authigenic minerals in these layers are mainly 
represented by carbonates: high-magnesian calcite 
and siderite. High-magnesian calcite forms dense mi-
crocrystalline spherical aggregates, often with an ad-
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Fig. 5. Microstructure of sediments from borehole 1-16 on photos of thin sections in transmitted light (a, 
b, d–g) and polarized light (c, h):
(1) boundaries of layers, (2) boundaries of microstructures and streaks, (3) boundaries of complex aggregates, (4) assumed direc-
tions of melt water flows and displacement of sediment components, (5) quartz (Q) fractured in situ, (6) relationships between 
fragments, aggregates, organic compounds, and voids on the inset picture (d).

mixture of aluminosilicate minerals, with relics of 
high-carbon biofilms (Figs. 6c and 6g). Such aggre-
gates could be formed as a result of the mineralization 
of extracellular polysaccharide substance (EPS), one 
of the metabolic products of bacterial colonies and 
algae [Trichet et al., 2001; Obst et al., 2009]. Siderite is 
present as pelitomorphic microconcretions, mainly 
mixed with authigenic clay minerals developed over 
decomposing organic remains or highly hydrated mi-
caceous material (Fig. 6e) [Ruban et al., 2020; Rau-
dina et al., 2021].

In layer 2, disturbances in the macro- and micro-
structures of alluvial sediments form a discontinuous 
reticulate pattern along the thawed ice lenses. There-
fore, they are classified as post-cryogenic microstruc-
tures. The preservation of fresh remains of mosses is 
usually associated with rapid freezing. The aforemen-
tioned authigenic minerals, elementary rounded clay 
aggregates, sulfate composition of soluble salts, and 
bluish coloration characteristic of reducing conditions 
within the talik are probably due to the secondary epi-
genetic freezing of the stream channel alluvium.

Floodplain alluvium (layer 3) includes a large 
streak with a vertical length of about 0.7 m. This layer 
has a reticulate-blocky macrostructure (Fig. 3) (a re-
ticulate pattern of cracks dissecting and shifting sedi-
ment layers) and the corresponding multi-order com-
plex aggregate and ring-shaped microstructures of 
mineral particles and clayey mass, as well as cross-
orientation of thin films of mica. The streak contains 
vertically elongated lens-type aggregates (Figs. 5c and 
5e). We have observed microvoids with crusts of 
 clayey microaggregates on the walls within the thin 
interlayers and cavities infilled with clastic particles 
resulting from the thaw of ice lenses (Figs. 5d and 5e). 

The authigenic minerals are mainly represented 
by vivianite and rhodochrosite within the interlayers 
enriched with plant residues. Vivianite with an ad-
mixture of manganese composes fine acicular micro-
aggregates and cements adjacent fragments (Fig. 6h). 
Ferruginous rhodochrosite forms massive, sheaf-like 
aggregates and crusts of microcrystals covering the 
fragments (Fig. 6e). Given the shape and arrange-
ment of rhodochrosite aggregates, this mineral was 
formed during crystallization of bacterial polysaccha-
ride films, which acted as a substrate and catalyst for 
the deposition of mineral substances [Leonova et al., 
2017].

Above described post-cryogenic macro- and mi-
crostructures are relics of cryogenic structure and ice 
wedge formation during syngenetic freezing of flood-

plain alluvium. They were formed after thawing of 
frozen ground with the development of ice wedge 
casts whose fragments are represented in the sedi-
ment core as a large streak. In situ thawing and sub-
sidence of sediments was accompanied by the defor-
mations of layering, macro- and microstructures. The 
authigenic minerals and ocherous coloration were 
associated with the transformation of thawed sedi-
ments and biological activity. Cryogenic structures 
and generally low water (ice) content in this layer 
were associated with its further epigenetic freezing.

Reservoir sediments (layer 4) overlay the flood-
plain alluvium. These are fine-grained sediments 
without distinct layering and with numerous remains 
of diatoms. Possibly, the talik existed during the sedi-
mentation in reservoir and the floodplain sediments 
of layer 3 were partially thawed. Reticulate-blocky 
cryogenic structure was formed after the reservoir 
drainage. Sizes of preserved blocks of post-cryogenic 
structure increase from the top to the bottom of lay-
er 4 indicating the epigenetic freezing of sediments. 
The macrostructures are emphasized by sandy streaks 
and iron oxide compounds between blocks of fine-
grained sediments (Fig. 3). They are considered post-
cryogenic structures formed during the thawing sta-
ge. Vivianite aggregates were formed in the thawed 
sediments during the decomposition of organic mat-
ter. Broken-lens type cryostructure of layer 4 is as-
sociated with subsequent epigenetic freezing.

Colluvial (deluvial and proluvial) sediments 
(layer 5) are marked by a large (>1.1 m in size) streak, 
the walls of which are cemented by iron compounds. 
At the contact with the streak in its lower part, the 
sedimentary layering is slightly convex (Fig. 2). Such 
patterns are typical for enclosing sediments with syn-
genetic ice wedges and pseudomorphs [Shmelev, 
1966]. Numerous dense concentrations of iron oxides 
and iron–organic compounds reaching 0.5–1 cm in 
size (Figs. 2 and 3) are present in sands. We have also 
detected a lens type–reticulate macrostructure mar-
ked by streaks of iron oxides from thawed ice lenses. 
The scalloped wavy boundaries of layers were proba-
bly formed during the compaction of sediments with 
complex multi-order microstructures. The above-
mentioned layering disturbances, the structure of the 
streak, and its relationship with the enclosing sedi-
ments can be associated with the stage of accumula-
tion, syngenetic freezing, and growth of ice wedges 
within colluvial sediments. During the thawing stage, 
pseudomorphs and post-cryogenic structure of en-
closing sediments, as well as a set of authigenic iron 
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compounds characteristic of aerated conditions were 
formed. Cryogenic structures and low water content 
in this layer are associated with the subsequent epi-
genetic freezing of the drained sediments. 

Colluvial (deluvial) sediments (layer 6) have a 
high content of silty particles and are colored in yel-
low and orange in frozen and thawed state. They have 
a blocky and cellular macrostructure marked by in-
tersecting bands of iron oxides, scalloped boundaries, 
and displacements of layers along fractures resulting 
from melting ice lenses (Fig. 2, depth 1.3 m; Fig. 3, 
depth 1.6 m). These features correspond to a hetero-
geneous microstructure: (i) large disparate complex 
multi-order aggregates enriched in silt and clay and 
separated by fine streaks of sand and silt particles and 
(ii) numerous small complex aggregates surrounded 
by silty particles, as well as elementary clayey micro-
aggregates (Figs. 5a and 5b). The authigenic minerals 
in the sediments are mainly represented by iron ox-
ides, less often by pelitomorphic siderite formed after 
decomposed plant remains (Fig.  6a). Iron oxides 
mixed with aluminosilicates form thin discontinuous 
films on minerals and simple microaggregates 
(Figs. 6b and 6d).

These macro- and microstructures were appar-
ently formed at the stage of syngenetic freezing of 
colluvial sediments. Though large streaks were not 
found in this layer in the sediment core, the traces of 
sediment subsidence caused by thawing were de-
scribed at the bottom of layer 6 in the excavated pit. 
It is probable that this thaw think was formed above 
the thawed ice wedge, which corresponds to the po-
lygonal surface topography. At the stage of thawing of 
layer 6, deformations of its layering, post-cryogenic 
macro- and microstructures, and authigenic minerals 
typical for aerated conditions were formed.

Active layer (layer 7) is characterized by numer-
ous cryoturbations, ocherous coloration, and post-
cryogenic lens–reticulate macrostructure i with dis-
placements of layers along closed fractures (Fig. 3, 
depth 0.6 m). Interlayers with inflections, displace-
ments, and scalloped boundaries were formed during 
the compaction of loamy sands with a multi-order 
aggregate microstructure while melting of ice lenses 
during freeze–thaw cycles.

It is known that stadial changes of frozen/
thawed states of sediments are reflected as combina-
tions of macro- and microstructures of different sca-

les, deformations, and new formations [Ershov, 1988]. 
Our study has allowed determining the genesis of 
sediments and deposition conditions, as well as iden-
tifying the traces of post-sedimentation processes 
taking into account different groups of lithological 
features: (a) cryogenic macro- and microstructures 
transformed into post-cryogenic structures during 
thawing and melting of ice lenses; (b) deformations of 
sediment layering, including large streaks with verti-
cal wavy layering that can be attributed to pseudo-
morphs; (c) fractured and acute-angled quartz grains 
that could appear during syncryogenic freezing. 
Complexes of ground wedges (pseudomorphs with 
vertical size up to 1.2 m) were observed on the third 
lacustrine–alluvial terrace in a quarry in 2021 (in 
floodplain sediments of Karginsky age) and in the ex-
posure of the Taz River bank (in colluvial sediments). 
This confirms the interpretation of large streaks as 
pseudomorphs in the sediment core.

Some post-depositional changes (post-cryogenic 
structures, streaks, and deformations) resulted from 
the subsequent thawing and subsidence processes. 
The group of authigenic minerals in these sediments, 
as well as the decomposition of organic remains under 
the impact of microbiological activity can be attrib-
uted to superimposed early diagenetic processes in 
thawed sediments. The ocherous coloration of the 
sediments due to the neoformation of iron oxides and 
carbonates is associated with oxidation conditions in 
aerated thawed moist sediments. Except for the ac-
tive layer, modern cryogenic structures were super-
imposed over thawed sediments during the last stage 
of epigenetic freezing of the Late Pleistocene sedi-
ments. Based on the presented data, it can be assumed 
that the polygonal topography of the surface corre-
sponds to large pseudomorphs within the colluvial 
and solifluction sediments of layer 5 is a projected or 
inherited (i.e., relic) topography. The polygons are 
displaced and elongated along the slopes, as are the 
upper parts of the pseudomorphs, which slid down 
while the massif was displaced.

CONCLUSIONS

Specific features of the cryogenic and post-cryo-
genic macro- and microstructures in the studied sedi-
ments allows us to identify stadial changes in frozen/
thawed states of the massif and to determine freezing 
types in stream channel, floodplain, and lacustrine 

Fig. 6. Authigenic minerals in sediment core from borehole 1-16 on photos of thin sections in transmitted 
(a) and polarized (b) light; scanning electron microscopy (c–h):
concretions of pelitomorphic siderite over plant remains, fragments of diatom skeletons (a, layer 1); discontinuous films of authi-
genic clay minerals on quartz grains (b, layer 3; d, layer 1); microconcretions of dolomite and aluminosilicates over high-carbon 
organic films (c, layer 3); association of rhomboid microcrystals of siderite and clay minerals (e, layer 6); concentrations of split 
sheaf-like microcrystals of ferruginous rhodochrosite (f, layer 3); a fragment of a spherical aggregate of dolomite (g, layer 6); 
acicular columnar microcrystals of vivianite (h, layer 3). 1 – quartz, 2 – diatom shells, 3 – siderite, 4 – clay minerals, 5 – rhodo-
chrosite, 6 – dolomite, and 7 – vivianite.
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sediments of the early Karginsky age and in colluvial 
(deluvial and proluvial) sediments of the, presum-
ably, Karginsky–Sartansky age. We propose the fol-
lowing model of these stadial changes in the north of 
the Pur–Taz interfluve.

1. Riverbed sediments of the Early Karginsky 
age could possibly undergo seasonal freezing-thawing 
under the low water conditions. This is evident from 
the cracking of quartz grains. These sediments were 
then subjected to epigenetic freezing in the upper 
part of the talik and have remained in the frozen state 
until now.

2. Floodplain syncryogenic sediments of the Ear-
ly Karginsky age could possibly contain ice wedges. 
Their upper part could partially be washed away and 
the lower part was subjected to thawing and subsid-
ence in the talik under the water reservoir with the 
formation of large vertical streaks (pseudomorphs) 
with their subsequent epigenetic freezing. 

3. The sediments of the reservoir were initially 
thawed. Given the pattern of post-cryogenic struc-
tures, they were subjected to epigenetic freezing from 
the top, which could take place after drying of the 
reservoir. Later, they thawed out again together with 
the overlying sediment layers; then, their epigenetic 
freezing took place. 

4. Colluvial (deluvial and proluvial) sediments 
had been accumulating in subaerial conditions of syn-
genetic freezing possibly during cold stages of the 
Karginsky–Sartansky age. They display post-cryo-
genic formations and large pseudomorphs–evidences 
of thaw and subsidence, which could take place at the 
end of the Sartansky period or in the Holocene. Then, 
these sediments were epigenetically frozen. 

5. In general, the upper part of the geological sec-
tion studied on the third lacustrine–alluvial terrace 
of the Pur-Taz interfluve consists of polygenetic sedi-
ments according to their deposition regime and types 
of freezing types. These sediments were subjected to 
thawing at least two times: (a) under the water reser-
voir (possibly, during the Karginsky period) and 
(b) during the Holocene climatic optimum. Their epi-
genetic freezing occurred during the climate cooling 
in the Late Holocene.
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The current state of periglacial lakes on Svalbard and their quantitative estimates are presented. These 
lakes were formed in depressions upon recent recession of glaciers on the archipelago. Based on the Norwegian 
aerial imagery 2008–2012 and mosaics of Maxar Vivid 2013–2019 images of Svalbard, 629 new periglacial lakes 
have been identified in the areas released from glaciers. The map of new lakes and their distribution across the 
territory by different heights are presented. Most of periglacial lakes are located in the western and southern 
parts of Svalbard, where large-scale retreat of the glaciers has been observed. At the same time, new periglacial 
lakes are formed mostly in the northern and eastern parts of the archipelago, where most of the lakes have ice 
coasts. The total length of ice coasts of 306 lakes in 2008–2019 reached 233.8 ± 0.6 km, which is comparable 
with the length of the fronts of Svalbard outlet glaciers. The total area of periglacial lakes is 173.1 ± 0.7 km2, and 
their total water volume ranges from 2.1 to 2.3 ± 0.1 km3. 

Keywords: periglacial lakes, ice-contact lake, glacier retreat, lake area, Svalbard 

INTRODUCTION

The Svalbard archipelago is located in the north-
ern part of the Atlantic Ocean; its climate promotes 
the spread of glaciers of various types. In the north 
and south of the largest island of the archipelago 
(West Spitsbergen), ice caps and semi-sheet Spitsber-
gen-type glaciers prevail; on Prince Charles Foreland 
and in the central part of West Spitsbergen (Norden-
skiöld Land, Dixon Land, and Andre Land), numer-
ous mountain glaciers are common; in the Northeast-
ern Land, Barents and Edge islands, sheet glaciation 
prevails. To date, the glaciers of the archipelago cover 
about 60 % of the land area [Hagen et al., 1993; Zemp 
et al., 2015], their area is estimated in the range of 
33 600–33 850 km2 [Nuth et al., 2013; Pfeffer et al., 
2014]. On about 68 % of the glaciation area, ice is dis-
charged by outlet glaciers into the sea [Błaszczyk et 
al., 2009; Nuth et al., 2013]. In relation to climate 
changes in the Arctic, the glaciation of Svalbard is in 
the stage of degradation, which began in the first half 
of the twentieth century [Troitsky et al., 1975; Kot-
lyakov, 1985]. The maximum values of glacier reces-
sion are observed in the western territories, where the 
fronts of many mountain-valley glaciers retreated by 
1.0–2.5 km over the past century [Pfeffer et al., 2014; 
Chernov and Muraviev, 2018]. Thus, since 1936, the 
glaciation area in Prince Charles Foreland has de-
creased by 51 %; in Nordenskiöld Land, by 49 %. In 
total, from 1936 to 2017, glaciated area in these re-
gions reduced by 225 km2 and continues to decrease 
with an average rate of 2 km2 per year [Chernov et al., 
2019b].

In the deglaciated area, a hilly moraine relief is 
formed; the degree of its dissection is directly related 
to the type of glaciers [Troitsky, 1970]. The presence 
of depressions and ridges in moraine complexes pro-
motes the formation of a large number of periglacial 
lakes. By the end of the 20th century, 1606 large lakes 
were discovered in the polar regions, most of which 
lie in the northern territories of the continents [Ryan-
zhin et al., 2010]. Modern studies confirm an increase 
in the number of glacial lakes in the Arctic, which is 
primarily noted in Iceland, in the Canadian Arctic 
archipelago, and in Greenland [Luthje et al., 2006; 
Harrison et al., 2018; Carrivick and Fiona, 2019]. 
There are many lakes of different origins in Svalbard; 
their total number in the archipelago is unknown. 
When comparing maps based on aerial photographs 
of 1936–1937 with recent electronic maps of the ar-
chipelago, numerous lakes can be found in the areas 
previously occupied by glaciers. These lakes lie with-
in the limits of the terminal and lateral moraines 
formed during the maximum glaciation, i.e., at the 
end of the 19th–the beginning of the 20th century. De-
scriptions of the periglacial lakes of Svalbard are ex-
tremely rare in the scientific literature [Luthje et al., 
2006; Harrison et al., 2018; Carrivick and Fiona, 2019].

In high-altitude regions and in the Arctic, the 
expansion of lakes due to the retreat of glaciers has 
been noted [Mool et al., 2001; Nie et al., 2018], and 
the scale of this phenomenon makes it possible to ef-
fectively use remote sensing methods to search for 
lakes [Strozzi et al., 2012]. Regional studies of perigla-

Copyright © 2022 R.A. Chernov, K.V. Romashova, All rights reserved.
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cial lakes are concentrated in the highlands, as they 
are important for assessing water resources and pos-
sible risks of glacial lake outburst floods (GLOFs). 
These dangerous phenomena cause a threat to the 
population and infrastructure located downstream 
[Harrison et al., 2018; Carrivick and Fiona, 2019]. In 
the polar regions, GLOFs are also known [Groswald 
and Koryakin, 1962; Carrivick and Tweed, 2016; Nie et 
al., 2018; Chernov and Muraviev, 2020]. In Svalbard, 
there is information about only a few lakes, where the 
events of their breakthrough and their formation are 
reported [Liestøl, 1977; Liestøl et al., 1980; Hambrey, 
1984; Kokin and Kirillova, 2017].

Periglacial lakes are an important component of 
the landscape in the marginal part of mountain gla-
ciers and glacial sheets. Lakes located in moraine 
periglacial environments contribute to the melting of 
dead ice, change the temperature regime of the sur-
rounding space and the underlying surface, and, in 
the case of large-scale GLOFs, can transform the en-
tire landscape. According to the scenario of the refer-
ence level of greenhouse gas emissions RCP4.5 by 
2100, Svalbard is predicted to warm by 5–8 °C with a 
slight increase in precipitation compared to the end 
of the twentieth century. In this regard, it is expected 
that the glaciers of Svalbard will lose up to 50 % of 
their mass [Zemp et al., 2015; http://archive.ipcc.ch/
pdf…]. It can be expected that the expansion of peri-
glacial lakes will continue in deglaciated areas. This 
paper presents the current state of the periglacial la-
kes in Svalbard. Quantitative estimates are given in 
ac cordance with the administrative division of the 
ar chi pelago by the name of the Lands [http://topos-
valbard.npolar.no/]. The results of this study can be 
helpful for assessing climate changes in the archipe-
lago taking into account the dynamics of lake for-
mation.

METHODS

According to the first descriptions of the Arctic 
periglacial lakes, their location may be different in re-
lation to the glacier, and they are also  distinguished 
by the origin of lake depression [Grosvald and Korya-
kin, 1962]. To search for these lakes, marginal areas of 
the glaciers and the territory covered with moraine 
deposits have been considered. On topographic maps 
of the archipelago of 1937–1938, the areas of moraine 
deposits were marked with conventional signs. Also, 
these conventional signs are present on modern elec-
tronic maps [http://toposvalbard.npolar.no/]. At the 
same time, their outer bo undaries coincide with the 
boundaries of the terminal moraines, which are clear-
ly distinguishable in the background of electronic 
maps – aerial photographs of 2008–2012. Apparently, 
they point to the histo rical maximum of glacier ad-
vance, which was reached in the 19th and at the turn 
of the 20th century after the end of the Little Ice Age 
[Mangerud et al., 1992].

The search for lakes was carried out using the 
cartographic service of the Norwegian Polar Institute 
“KartoverSvalbard” [http://toposvalbard.npolar.no/], 
which is based on aerial photography of 1990 for the 
south of Svalbard and of 2008–2012 for its central 
and northern territories. In the southern part of Sval-
bard, the lakes were searched using the Maxar Vivid 
2013–2019 mosaic of images available in the ESRI 
WorldImagery dataset. The spatial resolution of the 
data set is 1.2 m. The territorial and land division of 
the archipelago is adopted in accordance with the 
cartographic service “KartoverSvalbard”. 

As the basis of this inventory, lakes located in 
front of the glacier, or along its side within the lateral 
moraine or beyond, but dammed up by the moraine 
were considered. Lakes with a length of more than 
100 m were taken into account, because smaller ob-
jects gave significant errors when measuring their 
length (including the length of their contact with ice) 
and area on digital maps. In addition, small lakes were 
hardly distinguishable on the available satellite im-
ages. For the lakes of less than 100 m in length, there 
were difficulties in their visual identification, espe-
cially for small open lakes, which may be temporary 
seasonal objects. The maximum length of the lake was 
a criterion, which allowed us to select lakes quickly, 
as assessing their area is a more time-consuming task. 
Numerous lakes located on sea terraces remote from 
glaciers and lying outside the moraines are not peri-
glacial lakes and, therefore, were not taken into ac-
count. Also, the lakes located entirely on the surface 
of the glaciers were not considered, because their life-
time may be short-term.

The following characteristics of the lakes were 
measured: lake area, maximum length, altitudinal po-
sition, length of the ice coast, and coordinates of the 
center of the lake. We also took into account the 
name of the nearest glacier and the name of the region 
in accordance with the territorial division of the ar-
chipelago. Measurements of the length of lakes, their 
area, and the extent of the ice coasts were made man-
ually using the built-in tools of the cartographic ser-
vice “KartoverSvalbard” and the open-source source 
QGIS. The maximum length of the lake was defined 
as the distance between the most distant points of the 
shores, the position of which was assessed visually. 
Since measurements of the maximum length of the 
lake and its icy shores were carried out manually, the 
accuracy of determining the extreme points was as-
sumed to be 10 m. Thus, the larger the size of the lake 
or its ice coasts, the smaller the relative error of mea-
surements. The total error of the length of ice coasts 
of the lakes was is estimated as the mean square de-
viation, which was equal to 0.6 km.

RESULTS

Based on electronic maps presented on the web-
site of the Norwegian Polar Institute and a mosaic of 
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MaxarVivid images, the characteristics and position 
of periglacial lakes throughout the archipelago were 
determined. As of 2008–2019, 629  lakes with the 
maximum length of more than 100 m were found. 
Half of them (306 lakes) had ice coasts, i.e., they were 
in contact with glaciers. We also identified 47 dam-
med lakes, among which 5 lakes were dammed by a 
lateral moraine, and the rest were dammed directly 
by glaciers. The maximum length of the lakes was in 
the range from 100 to 8640 m, the average value was 
600.5 m. The area of lakes varied widely from 0.002 to 
17.34 km2, the average value was 0.27 km2. The total 
area of all the lakes was 173.1 ± 0.7 km2.

The position of the periglacial lakes in the archi-
pelago is shown in Fig. 1. Lakes that have ice coasts 
are obviously in the formation stage, since their 
shores are changeable.

Despite different rates of glacier degradation and 
noticeable climatic differences between southern and 
northern territories, periglacial lakes are found every-
where in the archipelago. The southern and western 
parts of the archipelago are dominated by lakes that 
were formed on moraines and have no contact with 
glaciers. On the western coast of the archipelago and 
in the area of the Isfjord, the reduction of glaciers was 
noted in the second half of the twentieth century 

[Kotlyakov, 1985] and occurred on the largest scale 
[Pfeffer et al., 2014]. In the north and northeast of 
the archipelago, lakes with ice coasts predominate 
(Fig. 1). Apparently, the reduction of glaciers began 
in the north later than in the south. 

Relatively few periglacial lakes are located in the 
central region of the archipelago, where mountain 
glaciation is widespread. There is also a significant 
reduction of mountain glaciers. In the central part of 
Andrée Land, there are small periglacial lakes with a 
maximum length of up to 350 m. This may be due to 
the fact that the narrow mountain valleys in Andrée 
Land and the complex relief of moraine complexes 
prevent the formation of large lake depressions. On 
the east coast of Svalbard, significant territories are 
occupied by outlet glaciers. Lakes are located mainly 
on lateral moraines, and lakes with ice coasts are of-
ten found. A significant number of lakes are located 
on the Edge Island and in the marginal part of the 
glacial sheet on the North-East Land island.

The general distribution of periglacial lakes by 
the lands of Svalbard is presented in Table 1. These 
data do not adequately reflect the overall spatial pic-
ture because of the differences in the relief, area occu-
pied by glaciers, actual size of the particular lands. 
However, a clear tendency towards a decrease in the 
share of lakes with ice coasts (Table 1) from the north-

Fig. 1. The position of periglacial lakes in the Sval-
bard archipelago:
(1) lakes with ice coasts (contacting with glaciers), (2) lakes 
without ice coasts, (3) boundaries of Svalbard Lands. Numbers 
indicate the number of lakes within the boundaries of the Lands.

Fig. 2. The proportion between formed periglacial 
lakes (1) and lakes with ice coasts (2).
Numbers indicate Land numbers in accordance with Table 1.
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Ta b l e  1. Location of periglacial lakes on the Lands of the archipelago, their number,  
 and proportion of lakes with ice coasts

No. Land Average  
latitude, N

Part of the  
archipelago

Number  
of lakes

Number of lakes  
with ice coasts

Proportion of the lakes 
with ice coasts

1 Storoya 80 E 1 1 1.00
2 Prins Oscars 80 NE 19 18 0.95
3 Gustav V 80 NE 37 35 0.95
4 Gustav Adolf 80 NE 13 11 0.85
5 Ny-Fries 79 N 54 43 0.80
6 Sabine 78 E 13 10 0.77
7 Orvin 80 NE 31 23 0.74
8 Olav V 79 E 14 10 0.71
9 James I 79 W 6 4 0.67

10 Albert I 79 N 39 25 0.64
11 Torell 77 S 17 9 0.53
12 Dickson 79 Center 19 10 0.53
13 Oscar II 79 W 42 21 0.50
14 Haakon VII 79 N 35 17 0.49
15 Prins Karls 78 W 18 6 0.33
16 Bunsow 79 Center 3 1 0.33
17 Nordenskiold 78 Center 57 19 0.33
18 Edgeoya 78 E 68 17 0.25
19 Wedel Jarlsberg 77 S 57 13 0.23
20 Heer 78 E 19 4 0.21
21 Barentsoya 78 E 20 4 0.20
22 Andree 79 N 6 1 0.17
23 Sorkapp 77 S 28 3 0.11
24 Nathorst 78 S 13 1 0.08
25 Harald V 79 NE 0 0 0.00

Fig. 3. Diagram of the distribution of lakes by alti-
tude ranges:
(1) periglacial lakes, (2) lakes with ice coasts.

northeast towards the south-southwest cab be seen 
southwest (Fig. 2). In the northern, northeastern, and 
eastern territories, where the climate is more severe, 
the share the proportion of lakes with ice coasts ex-
ceeds 74 %; in the center of the archipelago, it is about 
50 %; in the west and south, less than 50 %. The moun-
tainous territories of Andrée Land and  Torell Land are 
separately distinguished by a small number of lakes 
because of the complicated mountainous relief.

 The altitudinal range of periglacial lakes in the 
archipelago is very wide and extends from 1 to 840 m. 
However, 3/4 of the lakes lie below 200 m a.s.l. The 
average level of all lakes is 127 m a.s.l.; the average 
level of lakes with ice coasts is slightly higher and 
equals 175 m a.s.l.

Figure 3 demonstrates a diagram that reflects the 
altitudinal distribution of periglacial lakes by five 
equal ranges of heights. Obviously, with altitude, the 
number of periglacial lakes decreases, and the portion 
of lakes with ice coasts gradually increases. At the 
same time, lakes with ice coasts are relatively evenly 
distributed by heights below 500 m a.s.l. (Fig. 3).

Apparently, the long-term reduction of glaciation 
in the archipelago is manifested in the entire altitudi-
nal range, which is clearly reflected in the formation of 
new lakes. This diagram illustrates the current mo-
ment of lake expansion in Svalbard; this process is 

close to the end at low hypsometric levels and is still 
active at higher levels. In general, the formation of 
new lakes in the archipelago is far from the end; only 
about half of all lakes (51 %) have been formed com-
pletely and have lost contact with glaciers.

Among the 629  lakes counted, the length of 
which exceeds 100 m, about 13 % (87 lakes) have a 
maximum length of more than 1 km. The average 
height of these lakes is 97 m a.s.l. These two indica-
tors (length >1 km and altitudinal position) indicate 
the potential of periglacial lakes for the organization 
of temporary runways and the design of hydraulic 
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structures. About 5 % (35 lakes) on the archipelago 
have an area of more than 1 km2, and they are relati ve-
ly evenly distributed by heights from 1 to 250 m a.s.l. 
The characteristics of the largest periglacial lakes of 
the archipelago are given in Table 2. Their location is 
associated with vast flat spaces near the marginal part 
of glacial sheets and within wide valleys developed by 
outlet glaciers in the past. Also, several large lakes 
were formed in the side valleys dammed by glaciers. 

The general nature of the formation of perigla-
cial lakes is indicated by the correlation between the 
maximum length of lakes and their area. The relation-
ship between these values attests to the appearance of 
a stable dependence as lakes of increasingly large sizes 
are included in the data array. A low correlation of 
these values is typical for small lakes with a length of 
less than 200 m (Table 3). Lakes, the length of which 
does not exceed 500 meters, constitute about two 
thirds of the total number of lakes. For these lakes, 
the relationship between their lengths and areas is 
statistically significant with the determination coef-
ficient R2 of 0.76. For the entire data array, the ap-
proximation accuracy improves, and the R2 value 
reaches 0.93 (Fig. 3).

The relationship of the maximum length (L) and 
area (S) on a logarithmic scale is shown in Fig. 4 and 
is approximated by a continuous power function (1) 
with coefficients a and b equal to 0.5 and 1.8. The ar-

ray of points is bounded at the bottom by a similar 
function with coefficient b equal to 1.4. The trend line 
actually coincides with the dependence: 

 L = b(S)ª, (1)

where а = 0.5, and b = 1.8.
The obtained dependence directly indicates the 

common nature of the formation of periglacial lake 
depressions, which is important with a limited 
amount of information about measurements of the 
lakes’ depths. To estimate the total volume of perigla-
cial lakes based on the field hydrological survey in the 
area of Grønfjorden, the ratio of the average depth of 
the lake to its maximum length (A value) was calcu-
lated. It ranged from 0.010 for small lakes to 0.021 for 
large lakes. One of the largest lakes in this area is 
Lake Bretjorna with a maximum length of 2280 m 
and a maximum depth of 28 m. The average depth of 
the lake is 13.8 m. The maximum depth of numerous 
small lakes that occur on the moraines of glaciers in 
the fjord basin is 4–5 m.

Taking into account the nature of shaping lake 
depressions, we can use the A value to estimate the 
average depth h of lakes as: 

 h = AL + h0, (2)

where A = 0.021; L is the maximum length of the lake; 
and h0 is the minimum average depth. 

Ta b l e  2. The largest periglacial lakes of Svalbard

Lake name Glacier  
in the lake basin Land Coordinates  

of the lake center
Height,  
m a.s.l.

Lake area 
S, km2

Maximum 
length L, m

Length of 
ice coast, m

Trebrevatnet Morabreen James I 78.82506 N, 14.43698 E 17 17.31 8640 4760
Gandvatnet Gandbreen Edgeoya 77.71357 N, 22.81509 E 15 9.85 7680 7220
Brånevatnet Etonbreen Gustav Adolf 79.78787 N, 22.00294 E 10 8.83 5230 5420
Femmilsjøen Longstaffbreen Ny-Fries 79.78611 N, 15.87055 E 27 7.58 7630 1010
No name Amenfonna Gustav V 79.89795 N, 22.04735 E 246 6.42 5650 1140
Jäderinvatnet Vonbreen Haakon VII 79.25511 N, 13.81527 E 9 5.85 3950 1493
No name Eidembreen Oscar II 78.37686 N, 12.84774 E 2 5.17 5660 3920
Flysjøen Austfonna Prins Oscars 79.81992 N, 22.36555 E 141 4.96 4340 5370
Venesjøen Austfonna Prins Oscars 79.86286 N, 22.64040 E 244 3.75 3020 3240
No name Hochstetterbreen Olav V 78.88028 N, 20.77939 E 23 3.48 3190 1230

Ta b l e  3. The value of the coefficients in Eq. (1) in dependence on the number of considered lakes

Range of maximum 
lengths, m Number of lakes Share lakes  

with ice coasts
Value of the coefficients in Eq. (1) Reliable  

approximation R²a b
100–200
100–500

100–1000
100–1500
100–2000
100–2500
100–3000
100–4000
100–9000

152
429
534
572
592
604
612
619
629

0.24
0.68
0.85
0.91
0.94
0.96
0.97
0.98
1.00

0.30
0.44
0.47
0.49
0.49
0.49
0.50
0.50
0.50

10.5
3.4
2.6
2.2
2.0
1.9
1.8
1.8
1.8

0.53
0.76
0.85
0.88
0.89
0.90
0.91
0.92
0.93
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This dependence was derived from the study of 
periglacial lakes in the Alps by S. Cook and D. Quin-
cey [2015]. The authors assumed that the minimum 
average depth of lakes in the glacial landscape h0 is 
1.2 m. This value corresponds to the depths in small 
thawed out lakes and correlates with the depth of soil 
thawing in the summer. Dependence (2) satisfies the 
data of field observations for lakes of various scales. 
However, for large lakes, the average depth as a func-
tion of the length of the lake begins to take unrealistic 
values, so it is limited to 15 m. Then, the volume of 
each lake is equal to the product of the area of the 
lake and its average depth. Summing up all the vol-
umes and taking into account the assumptions, we 
get an estimate of the volume of water contained in 
the lakes of the archipelago. The total volume of wa-
ter in the lakes is 2.1 ± 0.1 km3. For the whole set of 
lakes, the average depth turned out to be 12.5 m, 
which quite plausibly correlates with height differ-
ences within the areas with the ridged moraine relief. 

At the same time, realistic estimates based on 
morphometric indicators of the landscape (incision of 
riverbeds, height difference of ridges, etc.), suggest 
that the minimum depth of lakes h0 reaches 4.5 m. 
Then, according to the calculation by formula (2), 
the total volume of lakes increases slightly and be-
comes equal to 2.3 ± 0.1 km3. The maximum value of 
the average depth, which in our case was equal to 
15 m, has a more significant contribution to the vol-
ume estimation.

A feature of the current state of periglacial lakes 
is that they can be in the formation stage for a long 
time and change their configuration while they are in 
contact with the glacier and dead ice masses. There-

fore, significant spatial variability of their boundaries 
is possible for the northern and northeastern territo-
ries in the present and future. In total, 306 lakes with 
ice coasts were been identified. On the basis of digital 
maps, the lengths of ice coasts were measured. An ex-
ample of determining the boundaries of the glacier 
front at the contact with the lake is given in Fig. 5. 

Fig. 5. The periglacial lake of the Vetternbreen gla-
cier (Svalbard):
1 – glacier, 2 – glacier front, 3 – lake, 4 – terminal moraine.

Fig. 4. The relationship between the maximum length and the area of the lakes.
Dotted line is the lower envelope line of the array of points.
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The periglacial lake is located in front of the Vettern-
breen glacier (Oskar II). The ice front has two seg-
ments in contact with the lake. The lake is formed in 
a depression formed by a glacier and its terminal mo-
raine.

As of 2008–2019, the total length of ice coasts of 
periglacial lakes in Svalbard is 233.8 ± 0.6 km, which 
is comparable to the length of the fronts of outlet gla-
ciers, which is about 740 km [Nuth et al., 2013]. Ac-
cording to estimates [Nuth et al., 2010; Martin-Espa-
nol et al., 2015], about 10 km3 of ice is dumped into 
the sea annually by the outlet glaciers. It is difficult to 
estimate how much ice melts into periglacial lakes, 
since the velocity of ice movement and ice thickness 
at the fronts of glaciers are different. According to the 
authors’ estimates based on field measurements of ice 
velocity and ice thickness in the marginal parts of the 
East Grenfjord and Aldegonda glaciers [Chernov et 
al., 2019a], the annual ablation of glacial fronts in 
contact with the lakes does not exceed 0.01 km3, i.e., 
it is incomparably lower than ice loss due to iceberg 
formation at outlet glaciers.

DISCUSSION 

The search and mapping of new periglacial lakes 
revealed their ubiquity in the archipelago (Fig. 1). 
Most of the lakes are located near the coast, as many 
of the outlet glaciers have now retreated and end on 
land. This is especially typical for the western and 
northeastern parts of the archipelago, where ice caps 
and sheet glaciers are widespread. In the area of 
mountain valley glaciation of the archipelago, peri-
glacial lakes are distributed relatively evenly throug-
hout the territory, with the exception of Prince Char-
les Foreland, where glaciers are grouped only in the 
eastern part of the island.

The process of periglacial lake formation in the 
modern period indicates the climatic differences of 
the southern and northern regions of Svalbard. Based 
on the information obtained, the northern and east-
ern territories of the archipelago should be identified 
as a zone of active lake formation (Table 1). Quantita-
tive estimates of the proportion of lakes with icy 
shores are important information for describing the 
current state of lake expansion. Currently, the rate of 
retreat of the fronts of Svalbard glaciers varies from 
the first tens of meters per year to 100 m or more. 
Since our statistical estimates give the average size of 
the lakes of about 600 m, the distance of glacier re-
treat over a decade is comparable to the size of the 
studied lakes. Therefore, we may expect significant 
variability of periglacial lakes in short periods of time. 
This indicates the possibility of assessing climate 
changes in Svalbard both in general and in individual 
areas based on the comparison of information on the 
state of periglacial lakes at different moments in time. 
In contrast to glaciers, it is important to compare sta-
tistical data, since individual water bodies can change 

randomly. It was determined that over a period of 
about 80 years, 629 new lakes with a length of more 
than 100 m have appeared in the archipelago. The 
number of small periglacial lakes may be more than 
500, but they were not taken into account in this 
study. It should be assumed that the dynamics of the 
appearance of new lakes may be different in various 
parts of the archipelago. Thus, when comparing dif-
ferent-time aerial photographs, a comparison was 
made of groups of lakes located in the central part of 
Svalbard on Harald V Land. From 1993 to 2008, the 
number of lakes decreased by about 20 %, and their 
configuration and area also changed. It is most likely 
that such changes are associated with the melting of 
dead ice in the moraine, and also with changes in the 
beds of glacial rivers in the area, which lead to the 
destruction and erosion of moraines. Apparently, this 
example is a special case of the variability of perigla-
cial lakes during the general expansion of lakes in the 
archipelago. Nevertheless, it is possible to assume 
that the number of lakes will decrease in those areas 
where glaciers have been shrinking for a long time 
and the melting of dead ice continues for several de-
cades. 

Based on the information on periglacial lakes 
and ice lake coasts, it is possible to make comparative 
estimates of climate changes for the archipelago as a 
whole and for its separate lands. 

CONCLUSIONS

Owing to the modern warming of the climate in 
Svalbard and the recession of glaciation, numerous 
lakes have formed in the areas released from glaciers. 
Based on remote methods, 629 periglacial lakes with 
the maximum length of more than 100 m were identi-
fied. They occupy natural depressions of the moraine-
ridge relief in front of the glaciers or are formed due 
to the damming by the lateral moraine or by the gla-
ciers themselves. About one third of these lakes are 
over 500 m long, and the average maximum length of 
the lakes is 600.5 m.

The area of periglacial lakes is in the wide range 
from  0.002 to 17.34  km2. The average value is 
0.27 km2, and the total area of the identified lakes is 
173.1 ± 0.7 km2. The largest number of periglacial 
lakes was found in the southern and western parts of 
Svalbard, where the reduction in the glaciated area 
was especially large-scale. At the same time, the larg-
est lakes are found in the northern territories, in the 
periphery of sheet glaciation, where the glacial relief 
of the adjacent territory is less dissected. The number 
of lakes in the central part of Svalbard, in the area of 
mountain glaciation, turned out to be the smallest. 

The formation of periglacial lakes in Svalbard 
continues at the present time; about half of the lakes 
have contacts with glaciers (ice coasts). They are 
relatively evenly spaced in the altitude range from 1 
to 500 m, which indicates the development of the 
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process at all altitudinal levels. Most of such lakes are 
found in the northern and eastern territories of the 
archipelago, where the climate is more severe and the 
degradation of glaciers began relatively recently. At 
present, the total length of ice coasts of periglacial 
lakes in the archipelago reaches 233.8 ± 0.6 km, which 
is comparable with the length of the fronts of outlet 
glaciers of the archipelago descending into the sea.

Through the ratio of the maximum lengths and 
areas of lakes, a common feature of lake formation has 
been revealed; it is associated with periglacial relief 
and allows one to assess the volume of glacial lakes. 
Their volume is estimated in the range from 2.1 to 
2.3 ± 0.1 km3. 
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CRYOGENIC PHENOMENA IN SEAS AND OCEANS

ANALYSIS OF SHORT-RANGE SPATIAL AND TEMPORAL RELATIONSHIPS 
IN THE ICE DATA SET FOR THE NORTHERN HEMISPHERE
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Leninskie Gory 1, Moscow, 119991 Russia; fedorov.msu@mail.ru, denisfrolovm@mail.ru

Autocorrelation characteristics of long-term time series of cells with the size of 1° × 1° of the sea ice area 
data array for the Northern Hemisphere are obtained. The temporal heterogeneity and spatial anisotropy in 
long-term variability of the sea ice area in the Northern Hemisphere are determined. The closest relationships 
between long-term monthly values of the sea ice area are typical for summer months. More than 49 % of maximum 
values of pair correlation coefficient are due to the connection of June and July, as well as July and August multi-
year series in the array cells. This effect is a consequence of intense and massive summer melting of sea ice in the 
Northern Hemisphere and similarity of their long-term variability. The closest relationships in the neighboring 
cells of the array between the long-term monthly values of the sea ice area in all months of the year are noted 
for the east–west latitudinal direction. It accounts for more than 87 % of all maximum values of correlation 
coefficient. Spatial anisotropy is revealed throughout the entire area to the north of the Arctic Circle. The reason 
for this effect is determined by the features of sea ice seasonal formation (mainly from high latitudes to low 
latitudes) and melting (from low latitudes to high latitudes). These features are associated with seasonal 
changes in insolation. Long-term changes in sea ice area have similar direction and are determined by changes 
in meridional gradient of insolation. Another reason may be mainly meridional direction of sea ice drift in the 
Arctic Ocean. Areas with high and low levels of short-range spatial and temporal relationships in sea ice area 
dynamics in the Northern Hemisphere are determined.

Keywords: sea ice area, Northern Hemisphere, dynamics, spatial and temporal relationships, spatial hetero-
geneity, spatial anisotropy

INTRODUCTION

A highly important parameter of the ice cover is 
its area, which changes both in space and in time. The 
study of changes in the area of sea ice and the reasons 
leading to these changes is one of the most current 
goals of sea ice science [Zakharov, 1976; Frolov and 
Gavrilo, 1997]. The distribution of sea ice depends on 
many factors controlled by geophysical processes. 
First, these are air temperature and humidity, ocean 
surface temperature, circulation processes in the at-
mosphere, sea currents, halocline presence and struc-
ture, cloudiness, surface runoff, albedo, and others. 
The foundation of these factors is the solar radiation 
coming to Earth, the main energy source of hydrome-
teorological processes [Shuleikin, 1953; Kondratiev, 
1980, 1992; Monin, 1982]. Irregularities in the entry 
of solar radiation over time and its uneven distribu-
tion in space are responsible for heat exchange pro-
cesses – “a thermal machine of the first and second 
order” [Shuleikin, 1953]. Because of heterogeneity in 
the components of the environment, heat exchange 
between the atmosphere, ocean, and sea ice takes 
place. Sea ice represents a dynamic component of the 
environment, for which a seasonal, year-to-year, and 
long-term variability is typical. The goal of this work 
is to analyze short-range spatial and temporal rela-
tionships within the sea ice data set in order to deter-

mine patterns of long-term variability in the sea ice 
area.

The HadISST1 [http://www.metoffice…] data set, 
which contains data on sea surface temperature 
(SST) and sea ice area from the end of the 19th cen-
tury to the present time, can serve as the foundation 
for research into modern climate and sea ice dynamics 
(climate indicators) with a high spatial and temporal 
resolution. This data set can also be used to produce 
more accurate sea ice distribution models. As such, 
the HadISST1 data set has a high scientific value. 
However, it clearly has disadvantages related to the 
absence of source data for certain regions and time 
periods and to the methods of data calculation, inter-
polation, and extrapolation [Rayner et al., 2003]. 
Thus, the determination of representative indicators 
(correlation characteristics) of short-range relation-
ships for the clarification and correction of sea ice 
data is a highly relevant geophysical problem.

OBJECTS AND METHODS

The Hadley Centre sea ice and sea surface tem-
perature data set (HadISST1) developed at the Met 
Office Hadley Centre for Climate Prediction and Re-
search (UK) was used as the study object [http://
www.metoffice…]. Information about monthly SST 
and sea ice area in the Northern and Southern hemi-

Copyright © 2022 V.M. Fedorov, D.M. Frolov, All rights reserved.
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spheres in the HadISST1 database was obtained as a 
result of the integration of reanalysis data (ERA40) 
(completed using empirical orthogonal functions 
(EOF) and instrumental and visual observation data 
(firstly from ships and satellites)) into a single data 
set. Reconstruction of sea ice area in cells of size 
1° × 1° was completed based on approximation algo-
rithms and extrapolation of available data (digitized 
maps of sea ice area, observation data from ships and 
satellites) with consideration for sea surface tempera-
ture (SST) [Rayner et al., 2003].

The data set presents data on the monthly sea ice 
area averaged for grid cells of 1° × 1° in percent of the 
area of the cell (ice coverage) from 1870 to the pres-
ent day. The authors analyzed the interval from 1978 
to 2018 (the period of satellite observations) in the 
Northern Hemisphere. The considered data set in-
cludes almost 7400 grid cells in the Northern Hemi-
sphere. Each cell presents information about ice cov-
erage with monthly resolution. 

The estimation and significance of the linear cor-
relation coefficient during correlation analysis was 
determined in accordance with existing methods 
[Zaks, 1976]. The standard error of the correlation 
coefficient was calculated using the formula:

 
−
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where r is the sample correlation coefficient, and n is 
the sample size. 

The statistical significance of the linear correla-
tion coefficient was determined using Student’s t-test, 
the factual value of which was calculated using the 
formula:
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Conclusions about the significance of r are made 
based on the comparison of tfact and tcr (a, n – 2) – 
critical (tabular) value of t-distribution, where a is 
the level of significance, and (n – 2) is the number of 
degrees of freedom. The correlation coefficient is con-
sidered statistically significant if tfact > tcr. In other 
cases, it is statistically insignificant.

RESULTS AND DISCUSSION

Analysis of temporal relationships. To deter-
mine temporal relationships, a correlation analysis of 
long-term monthly values of sea ice area was con-
ducted. Correlations between long-term values (tem-
poral series ranging from 1978 to 2018) of conse-
cutive months in each cell were calculated. Thus, 
January values of sea ice area were correlated with 
Feb ruary values, etc. December values of sea ice area 
were correlated with January values. The average 
value was found for each cell from correlation coef-
ficients obtained using pair correlations for all 
12 months of the year (Fig. 1). 

Significant values of correlation coefficient (av-
eraged for a month) were noted for the Barents and 
Greenland seas, the Davis Strait and the eastern part 
of the Sea of Okhotsk. The distribution of maximum 
values of the correlation coefficient was also analyzed 
(Fig. 2).

High values (>0.65) of the coefficient of pair cor-
relation (for individual months) were noted for a 
larger part of the northern polar region. The closest 
(R > 0.8) correlation for individual months was man-
ifested for the Greenland and Barents seas, East Sibe-
rian and Chukchi seas, the Beaufort Sea, the Hudson 
Strait, the Davis Strait, and the northern part of the 
Baffin Bay.

Fig. 1. Distribution of average values of the correla-
tion coefficient.

Fig. 2. Distribution of maximum values of the cor-
relation coefficient.
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Most of the high correlation coefficients were 
observed for the relationship between long-term se-
ries of June and July, as well as between July and Au-
gust (Table 1). Thus, 49.024 % of high correlation 
coefficients fall on the summer season. The effect of a 
close relationship between sea ice area in adjacent 
cells in the summer is clearly a consequence of active 
sea ice melting determined by the maximum seasonal 
insolation [Fedorov, 2018] with a consecutive de-
crease in sea ice area from June to July and August. 
Thus, sea ice area in July is determined to a signifi-
cant extent by sea ice area in June. The period of in-
tense ice melting occurs during the summer solstice, 
when the seasonal maximum of heat influx from solar 
radiation is observed in the Northern Hemisphere. 
Earlier, the effect of the close relationship of ice cov-
erage in the summer months on a sea scale was noted 

for the Barents [Zakharov and Malinin, 2000] and 
other seas of the Russian Arctic [Frolov and Gavrilo, 
1997; Zubakin, 2006; Fedorov, 2015; Fedorov et al., 
2020]. However, thus summer relationship is largely 
preserved in the northern polar region on a scale of 
1° × 1° grid cells. 

Thus, the analysis of temporal relationships in 
the HadISST1 ice data set indicates that maximum 
correlation coefficients are typical for the relationship 
between long-term monthly series of summer months 
(June and July, July and August) reflecting the period 
of intense and mass decrease in sea ice area in the 
Northern Hemisphere. Previous studies demonstrat-
ed that long-term changes in sea ice area are related 
to changes in the meridional gradient of insolation 
(MGI), which regulates the meridional heat trans-
port in the ocean–atmosphere system. Currently, the 
MGI increases during the summer half-year in the 
hemispheres. A long-term tendency for a decrease in 
sea ice area during the summertime (primarily in the 
meridional direction) is related to an increase in the 
MGI. It is also known that yearly changes in sea ice 
area are determined by their changes during the sum-
mer half-year [Fedorov, 2015, 2018, 2019, 2020; Fe-
dorov et al., 2020; Fedorov and Grebennikov, 2021]. 
Thus, long-term changes in sea ice area are related to 
long-term changes in the MGI. 

Analysis of spatial relationships. Relationships 
between long-term series of adjacent cells of the set 
were analyzed to determine spatial patterns in the 
distribution of ice data for each month. Correlation 
coefficients for adjacent cells were obtained for long-
term (1978–2018) series for all twelve months of the 
year. Then, average and maximum correlation coeffi-
cients for adjacent cells were found for each month. 

Ta b l e  1. Distribution of maximum correlation  
 coefficients in pair correlations (%)

Months Correlation coefficient

January–February 3.567
February–March 1.953
March–April 5.775
April–May 4.352
May–June 5.843
June–July 34.650
July–August 14.374
August–September 6.879
September–October 9.023
October–November 7.282
November–December 2.272
December–January 6.030

Fig. 3. Distribution of average correlation coef-
ficient values between long-term sea ice areas in 
neighboring cells in March.

Fig. 4. Distribution of maximum correlation coef-
ficient values between long-term sea ice areas in 
neighboring cells in March.
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For March (the period of maximum sea ice area), the 
distribution of average and maximum correlation co-
efficients is shown in Figs. 3 and 4. 

It should be noted that blank spots in a signi-
ficant part of the Arctic Basin (Figs. 3 and 4) are 
 related to limitations of the correlation analysis. 
The  correlation coefficient is not calculated if at 
least one of the temporal series consists of identi-
cal variable values. Thus, for example, monthly val-
ues of sea ice area equal to 100 % of cell area were 
typical for a large territory of the Arctic Basin in 
1978–2018.

According to average correlation coefficient val-
ues for March, the closest relationships between sea 
ice areas in adjacent cells of the grid are observed in 
the Barents and Greenland seas, in the Sea of Ok-
hotsk and the Bering Sea, and in the Davis Strait and 
Hudson Bay. The maximum values of the correlation 
coefficient of March temporal series for adjacent cells 
are also localized in these areas.

The distribution of average and maximum cor-
relation coefficients for sea ice areas in adjacent cells 
in September (the period of minimum sea ice area) is 
given in Figs. 5 and 6, respectively.

In September, the area within which a close cor-
relation between sea ice areas in adjacent cells is ob-
served, increases in comparison with that in March. 
Average and maximum correlation coefficient values 
also increase (Table 2).

The correlation analysis of short-range spatial 
relationships (between long-term sea ice area values 
in adjacent cells) was conducted in four possible di-
rections. Average correlation coefficient values in all 
directions are presented in Table 2. The directions 
form naturally during calculation of correlation val-

ues of ice area in a randomly selected cell with adja-
cent cell data. If the selected cell is not located on the 
boundary of the set, correlation is possible with data 
on cells neighboring the selected cell from the east, 
west, north, south, northeast, northwest, southeast, 
and southwest. Thus, upon calculation of the corre-
lation coefficient for cells of the entire data set, four 
directions form: north–south (N–S), east–west 
(E–W), southwest–northeast (SW–NE), and south-
east–northwest (SE–NW).

All values of the correlation coefficient exceeding 
0.5 (modulo) are statistically significant with a prob-
ability of 0.99.

On average, the number of negative values for 
all  months is 0.271  %, positive values constitute 
99.729 %. The correlation coefficient equal to zero 
was considered positive. As such, long-term series of 
monthly values in adjacent cells mainly have a posi-
tive relationship. The closeness of the correlation for 
average values for twelve months (an average yearly 
relationship) is characterized by the following cor-
relation coefficient distribution: >0.5–92.167  %, 
>0.6–84.490  %, >0.7–69.354  %, >0.8–42.515  %, 
>0.9–12.567 %.

Maximum correlation coefficients of long-term 
sea ice area in adjacent cells for all twelve months of 
the year were also found (Table 3).

On average, over twelve months, maximum cor-
relation coefficients values <0.0 constitute 0.217 %, 
and values ≥0.0 constitute 99.783 %. The maximally 
close relationship averaged over twelve months 
(a yearly correlation) is characterized by the follow-
ing distribution of the correlation coefficient: >0.5–
98.270 %, >0.6–96.975 %, >0.7–94.189 %, >0.8–
87.049 %, >0.9–64.010 %.

Fig. 5. Distribution of average correlation coef-
ficient values between long-term sea ice areas in 
neighboring cells in September.

Fig. 6. Distribution of maximum correlation coef-
ficient values between long-term sea ice areas in 
neighboring cells in September.
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Ta b l e  2. Distribution of average values of correlation coefficients (%)  
 in all four correlation directions of long-term sea ice area values by months

Correlation coefficient January February March April May June
< –0.9 0 0 0 0 0 0
< –0.8 0 0 0 0 0 0
< –0.7 0 0 0 0 0 0
< –0.6 0 0 0 0 0 0
< –0.5 0 0 0 0 0 0
< 0.0 0.292 0.416 0.454 0.218 0.256 0.253
≥ 0.0 99.708 99.584 99.546 99.782 99.744 99.747
> 0.5 91.066 87.949 86.420 89.714 90.670 93.631
> 0.6 80.816 74.710 75.271 81.098 82.122 87.753
> 0.7 62.948 52.065 55.582 65.161 66.712 73.352
> 0.8 31.379 25.765 29.065 36.263 38.676 44.233
> 0.9 7.677 6.672 7.706 7.874 7.299 9.537

July August September October November December
< –0.9 0 0 0 0 0 0
< –0.8 0 0 0 0 0 0
< –0.7 0 0 0 0 0 0
< –0.6 0.017 0 0 0 0 0
< –0.5 0.017 0 0 0 0 0
< 0.0 0.249 0.268 0.221 0.212 0.181 0.201
≥ 0.0 99.751 99.732 99.779 99.788 99.819 99.799
> 0.5 93.384 93.091 95.375 94.893 96.844 95.090
> 0.6 86.652 88.716 91.542 89.609 92.685 87.355
> 0.7 74.250 79.486 81.739 77.028 80.618 70.882
> 0.8 49.859 58.615 61.452 54.586 51.849 38.814
> 0.9 12.602 17.693 25.705 28.945 15.650 9.650

Ta b l e  3. Distribution of maximum values of correlation coefficients (%)  
 in all four correlation directions of long-term sea ice area values by months

Correlation coefficient January February March April May June
< –0.9 0 0 0 0 0 0
< –0.8 0 0 0 0 0 0
< –0.7 0 0 0 0 0 0
< –0.6 0 0 0 0 0 0
< –0.5 0 0 0 0 0 0
< 0.0 0.263 0.342 0.337 0.174 0.196 0.174
≥ 0.0 99.737 99.658 99.663 99.826 99.804 99.826
> 0.5 97.894 97.058 97.319 98.155 98.104 98.669
> 0.6 96.169 94.651 94.873 96.760 96.569 97.734
> 0.7 92.733 88.172 88.881 94.348 93.920 95.722
> 0.8 82.351 72.363 75.227 87.476 87.901 91.461
> 0.9 49.715 40.401 44.843 58.492 67.825 69.946

July August September October November December
< –0.9 0 0 0 0 0 0
< –0.8 0 0 0 0 0 0
< –0.7 0 0 0 0 0 0
< –0.6 0.017 0 0 0 0 0
< –0.5 0.017 0 0 0 0 0
< 0.0 0.199 0.232 0.221 0.141 0.148 0.154
≥ 0.0 99.801 99.768 99.779 99.859 99.852 99.846
> 0.5 98.690 98.643 98.987 98.975 98.767 98.441
> 0.6 97.795 97.893 98.342 98.180 98.109 97.545
> 0.7 95.772 96.215 97.586 96.766 96.827 95.384
> 0.8 89.653 92.805 94.620 92.437 93.276 89.795
> 0.9 69.972 81.182 83.269 77.576 74.667 61.603
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As noted previously, there are four possible di-
rections of correlation. The directional distribution of 
maximum correlation coefficients in the months of 
the year is provided in Table 4.

On average, over the months of the year for the 
SW–NE direction, the maximum coefficient corre-
lation values are 4.969  %; for the N–S direction, 
4.254 %; for the SE–NW direction, 3.254 %; and for 
the E–W direction, 87.305 %. Thus, spatial anisotro-
py manifests itself in the ice data set correlation, 
which is expressed as a significant predominance 
of maximum correlation coefficient distribution over 
the E–W latitudinal direction for all months of the 
year.

The distribution of the maximum values of the 
correlation coefficient obtained for a year (by averag-
ing monthly values) over 1-degree latitudinal zones 
was studied (Fig. 7). The distribution is presented as 
a percentage of the total number of correlation coef-
ficient values obtained in all directions of correlation 
for the entire ice data set.

The predominance of the latitudinal direction in 
the spatial distribution of maximum correlation coef-
ficients of long-term monthly sea ice area values in 

adjacent cells of the data set is noted for the entire 
area north of the Arctic circle. The main reason for 
this effect is related to the seasonal formation of ice 
(from northern to southern latitudes) and seasonal 
thawing of ice (from southern to northern latitudes) 
regulated by seasonal changes in insolation (or solar 
radiation). Long-term changes in sea ice area (related 
to changes in ice formation and thawing processes) 
are determined by changes in the meridional gradient 
of insolation regulated by the intensity of the meri-
dional transport of solar radiation, the work of the 
“thermal machine of the first order”. Changes in the 
meridional gradient of insolation are related to chan-
ge in the Earth’s axial tilt [Fedorov, 2018, 2019, 2020; 
Fedorov and Grebennikov, 2021]. Another reason for 
the noted effect can be the predominantly meridional 
drift of sea ice in the Arctic Ocean, which is deter-
mined by the character of sea currents and wind di-
rection [Zubov, 1938; Zakharov, 1976; Krutskikh, 
1991; Frolov and Gavrilo, 1997]. Thus, specifically 
meridional changes in the transport of solar radia-
tion and predominantly the meridional direction of 
sea ice drift are the reasons for the observed zonal an-
isotropy.

Ta b l e  4. Distribution of maximum values of correlation coefficients by individual directions and months

Correlation direction January February March April May June
SW–NE 6.697 7.370 6.944 5.085 4.289 3.755

N–S 6.068 7.370 6.827 4.794 3.777 2.963
SE–NW 4.708 5.423 5.054 3.225 2.950 2.725

E–W 82.527 79.837 81.175 86.895 88.984 90.558
July August September October November December

SW–NE 4.195 3.910 3.575 4.312 3.600 4.987
N–S 3.034 2.464 2.727 2.598 3.156 3.999

SE–NW 3.200 2.392 2.193 2.739 2.828 3.505
E–W 89.571 91.234 91.505 90.352 90.416 87.510

Fig. 7. Distribution of maximum correlation coefficient values in 1-degree latitudinal zones.
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CONCLUSIONS

The correlation analysis of temporal relation-
ships in the ice data set allowed us to determine that 
the closest relationships in long-term monthly sea ice 
area values are typical for June and July, July and 
 August. Approximately half (more than 48  %) of 
maximum correlation coefficients between sea ice ar-
eas in the neighboring cells of the Northern Hemi-
sphere are noted for the summer (June–August). This 
effect is determined by the intense and mass seasonal 
thawing of sea ice in the Northern Hemisphere, which 
is determined by the maximum influx of heat from 
 solar radiation. Seasonal changes in sea ice area also 
manifest themselves in the nature of long-term chan-
ges, which are most closely related in adjacent cells in 
the summer. However, long-term changes are mostly 
determined by changes in the summer meridional 
gradient of insolation.

The correlation analysis of spatial relationships 
showed that the closest relationships for all the 
months of the year between long-tern monthly values 
are typical for the east–west latitudinal direction. 
More than 87 % of all maximum correlation coeffi-
cients fall here. The anisotropy is noted on the entire 
territory north of the Arctic Circle and is determined 
by the meridional direction of seasonal formation and 
thawing of sea ice related to seasonal meridional 
change in insolation (solar radiation). The seasonal 
nature of spatial variability in sea ice area also mani-
fests itself in similar dynamics of long-term changes. 
Long-term changes in sea ice area are determined by 
long-term changes in the meridional gradient of inso-
lation which regulates the intensity of meridional 
transport of solar radiation from the equatorial region 
to polar regions. Another reason for spatial anisotro-
py is possibly a predominantly meridional drift direc-
tion in the Arctic Ocean.

Regions with high and low levels of short-term 
spatial and temporal relationships in the dynamics of 
sea ice areas in the Northern Hemisphere have been 
identified. The obtained autocorrelation characteris-
tics can be considered for interpolation and extrapo-
lation of sea ice area data and, thus, contribute to re-
fining ice data sets. The obtained results – regional 
specificity of short-range spatial and temporal rela-
tionships – can also be taken into consideration for 
statistical and physicomathematical modeling of the 
dynamics of sea ice areas in the Northern Hemi-
sphere.
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The results of ground-penetrating radar studies within the set of engineering and geological surveys at the 
site of designing a well pad in the oil and gas field in the area of continuous permafrost are considered. Drilling 
of geological wells with core sampling showed the presence of an ice-ground lens with the ice content of up to 
90 %. Comparison of the drilling results and the characteristic wave pattern on georadar sections made it pos-
sible to identify the zone of anomalous changes in soil properties and interpret it as an ice-ground lens. High-
amplitude diffractions of an electromagnetic wave are seen at the ice-ground/peat boundary, which, according 
to the authors, is associated with the presence of ice wedges. With the help of attribute analysis, the ice-ground 
lens has been was contoured and its approximate volume has been calculated.

Keywords: attribute analysis, ground penetrating radar, geotechnical surveys, permafrost zone, ice-ground lens

INTRODUCTION

The increasing development of oil and gas fields 
in the Arctic involves active construction of oil and 
gas infrastructure in the permafrost zone, where soils 
are in a changing field of negative or zero tempera-
tures. Frozen rocks and ground ice are quite sensitive 
and unstable under anthropogenic impact, which 
leads to degradation or destruction of complex cryo-
genic systems. Therefore, information about the oc-
currence of thawing rocks with the high ice content is 
necessary in order to select the optimal and safe loca-
tion for the foundations of structures, which is one of 
the main tasks of engineering geological surveys and 
geocryological studies.

Geotechnical surveys (GTS) in permafrost areas 
are carried out with the aim of a comprehensive as-
sessment of modern engineering and geocryological 
conditions of the territory, including the geological 
structure; geomorphic and hydrogeological condi-
tions; geocryological structure; composition, condi-
tion and properties of soils; and engineering and geo-
logical processes [SP 11-105-97, 1999]. In addition, 
within the framework of the GTS, a forecast is made 
of possible changes in engineering and geological con-
ditions during the interaction of the designed objects 
with the geological environment.

In tundra areas with continuous permafrost, var-
ious types of cryogenic processes, both natural and 
technogenic, occur [Alvanyan and Alvanyan, 2020], 
which often do not have geomorphological features, 
especially in winter, when the snow cover smooths 
out all landforms. These processes, by their charac-

teristic features, are not noticeable to a geologist dur-
ing reconnaissance survey and route observation of 
the study area in the winter period of the year, and 
a large distance between reconnaissance boreholes 
often does not allow detecting areas of anomalous 
changes in permafrost properties. For example, ac-
cording to [SP 11-105-97, 1999], the distance be-
tween engineering-geological boreholes along the 
pipelines in permafrost areas should be 100 m, where-
as the size of polygonal ice wedges and talik zones 
in the plan can be the first meters. Geophysical me-
thods implemented within the framework of a one-
dimensional horizontally layered model of the envi-
ronment, such as electrical and seismic sounding, 
which are performed with a step of 50–100 m or more, 
are also less informative in permafrost conditions. 
 Reducing the step between sounding points is of-
ten cost-inefficient within the framework of GTS. 
In such cases, it is advisable to use geophysical sur-
veys with noninvasive high-density observation sys-
tems. One of such methods of geophysics is georadio-
location (GRL) [Ermakov and Starovoitov, 2010; 
Vladov and Sudakova, 2017]. This paper discusses the 
results of the application of georadar studies in areas 
with a wide distribution of various morphological 
types of ground ice. The main purpose of the study 
was to detect and delineate ground ice within the 
area of the designed artificial structures, as well as to 
assess the possibility of using the wave field attribute 
(Q-factor) to identify ground ice bodies of various 
shapes.

Copyright © 2022 D.V. Kopylov, M.R. Sadurtdinov, S.Yu. Yanin, All rights reserved.
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EXPERIENCE IN GEORADAR RESEARCH  
WITHIN THE FRAMEWORK OF ENGINEERING 

AND GEOCRYOLOGICAL SURVEYS
Ground-penetrating radar (GPR) studies in en-

gineering geological surveys are enshrined in the 
regulatory framework in the field of construction and 
housing and communal services of the Russian Fede-
ration with the entry into force of a new set of rules 
on engineering and geological surveys for construc-
tion in 2019 [SP 446.1325800, 2019]. According to 
this regulatory document, GPR refers to the main 
geophysical methods in solving problems of deter-
mining the location, depth, and shape of local inho-
mogeneities (ice, ice-rich rocks, and taliks) and 
studying geological processes. In addition, the devel-
opment of domestic mass-produced equipment and 
software and popularization of the method at various 
conferences and seminars have greatly simplified the 
use of georadar research in engineering surveys.

In recent years, many papers have been pub-
lished that highlight the experience of using the 
method in solving various problems in the area of per-
mafrost distribution [Bradford et al., 2005; Brosten et 
al., 2009; Hubbard et al., 2013; Sjoberg et al., 2015; 
Navarro et al., 2016; Campbell et al., 2018; Kopylov 
and Sadurtdinov, 2019; Sudakova et al., 2019; Wang 
and Shen, 2019; Ganiyu et al., 2020; Rey et al., 2020]. 
Of domestic works, the thesis research [Bricheva, 
2018] should be noted, which is completely devoted 
to the study of cryogenic objects using GPR. In it, the 
author presents the results of full-wave numerical 
simulation of cryogenic objects by the finite differ-
ence method in the time domain in the gprMax pro-
gram. Wave patterns were obtained from bodies imi-
tating in section a narrow triangular ice wedge, a 
wide triangular ice wedge, and a rectangular ice 
wedge. Synthetic radargrams show hyperbolic reflec-
tions from the edges of the wedges and horizontal re-
flections from the top and bottom of the rectangular 
wedge. The top of the wedges is distinguished by a 
high-amplitude horizontal in-phase axis. The paper 
presents the result of numerical simulation of a real 
ice wedge. A complex wave pattern with many pseu-
dohyperbolic reflections is shown. Physical modeling 
was performed using a laboratory ground penetrating 
radar stand; a foam plastic model of the wedge was 
placed in sand and water. Owing to a high contrast of 
water and foam plastic, it was possible to identify the 
contours of the model wedge in the wave pattern. 
Modeling showed the possibility of isolating the top 
and bottom of the wedge depending on its shape and 
approximately estimating the geometry of the cryo-
genic body according to GPR data.

The paper [Sokolov et al., 2020] presents the re-
sults of mathematical and physical modeling of geora-
dar measurements over ice bodies located in a frozen 
rock mass. During physical modeling, rectangular 
bodies specially made of river ice were placed in a box 

with frozen sand in the open air in the winter season 
at a negative temperature. Georadar profiling and 
sounding were carried out on the surface of the frozen 
rock. As a result of the experiment, the patterns of 
dynamic and kinematic characteristics of the electro-
magnetic signal at the boundaries of “frozen rock–
ice–frozen rock” system were revealed. Criteria for 
identifying ice bodies in a frozen ground massif were 
obtained. Attention was focused on the fact that for 
the correct interpretation of the GPR data, it is nec-
essary to have sufficiently complete a priori informa-
tion about the geocryological structure of the studied 
frozen ground massif.

In these works, bodies of ice homogeneous in 
their internal structure were considered, which is 
very rare in nature. As a rule, wedges and lenses of 
ground ice contain interlayers of mineral soil, which 
contribute to the wave pattern of the georadar sec-
tion during reflection and refraction of an electro-
magnetic wave in the course of georadar sounding, As 
a result, the GPR sections display a wave pattern that 
differs significantly from the model one.

The work of foreign colleagues [Munroe et al., 
2007] presents the results of georadar studies in the 
area with polygonal ice wedges in northern Alaska. 
Areal works were carried out with a step of 50 cm be-
tween profiles in order to build a three-dimensional 
model of the medium. The SIR-3000 georadar with 
an antenna unit central frequency of 400 MHz was 
used. As a result of the analysis of slices of a three-
dimensional model at a depth of 120 cm, high-ampli-
tude extended anomalies were observed that charac-
terized the polygonal network of ice wedges. The re-
sults of this study demonstrated the efficiency of 
GPR for detecting ground ice, provided that a high-
density observation network is used with further con-
struction of 3D models. 

Among few scientific publications on georadar 
application within the framework of engineering and 
geological surveys in permafrost areas, the work pre-
senting the results of georadar studies in the settle-
ment of Lorino (Chukotka) is worth noting [Tregubov 
et al., 2020]. The degradation of permafrost under 
anthropogenic impacts was established for the terri-
tory of this settlement. A schematic map of dangerous 
cryogenic processes, such as thermokarst and thermal 
erosion, ice-rich permafrost, and soil heave was devel-
oped. The high efficiency of georadar survey in com-
bination with engineering-geological data in assess-
ing the dynamics of cryogenic processes was clearly 
shown.

With the development of the method, not only 
its hardware and methods of work but also software 
with procedures for processing and interpreting the 
initial data are being improved,. Often, the proce-
dures for processing and interpreting GPR data fol-
low from the currently well-developed method of 
seismic reflected waves [Vladov and Sudakova, 2017]. 
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Thus, the work [Wang et al., 2020] demonstrates the 
results of georadar studies in permafrost area on the 
Tibetan Plateau. This e work was carried out in order 
to study the seasonally thawed layer (STL) and de-
termine its thickness for the needs of human econom-
ic activity. As the STL had a heterogeneous composi-
tion with inclusions of pebbles and boulders, from 
which diffraction was observed on radargrams, it was 
difficult to unambiguously determine its thickness. To 
obtain a high-resolution wave pattern during pro-
cessing, the method of reverse migration in the time 
domain (RTM) was applied to the radargrams, as a 
result of which the thickness of the STL and its struc-
ture were accurately determined. In recent decades, 
GPR data processing procedures based on the study 
of electrophysical properties have appeared. For ex-
ample, in [Denisov and Kapustin, 2010], the authors 
propose a method of an automated backscattering 
field for processing and interpreting GPR data. The 
essence of the method lies in the search and detection 
of signals characterized by diffraction features formed 
as a result of the reflection of an electromagnetic 
wave from local objects. In automatic mode, points 
are analyzed on the GPR profile, the position of 
which coincides with the tops of diffraction reflec-
tions. The kinematic and dynamic characteristics of 
these diffraction reflections are attributes of the 
points under study. As a result of the analysis of the 
radargram, sections of attributes are built, calculated 
on the basis of both measured characteristics and cor-
relation dependencies. One of the most significant at-
tributes of the electromagnetic field analysis is the 
Q-factor (the ratio of the center frequency of the sig-
nal spectrum to its width) calculated by the formula:

 
,

2
Q w w
= =
∆w δ

where Q is the Q-factor; δ is the damping factor, and 
w = 2pf is the circular frequency, Hz.

The meaning of the Q-factor lies in the fact that 
the higher its value, the less energy loss of an electro-
magnetic wave occurs when passing through the 
thickness of the soil and the slower this wave decays.

When an electromagnetic wave passes through 
pure ice without impurities, there are practically no 
reflections and refractions, and the attenuation of an 
electromagnetic wave is significantly lower than in 
soils with a low ice content [Frolov, 1998; Yakupov, 
2008; Neradovsky, 2013]. The Q-factor attribute ma-
kes it possible to explore and map ice-rich rocks and 
ground ice using GPR.

STUDY AREA

The study area is located in the Tazovsky district 
of the Yamalo-Nenets Autonomous Okrug, within the 
Messoyakha Lowland confined to a negative neotec-
tonic structure that experienced relative subsidence 

in the Late Quaternary. During its history, the terrace 
surface has been reworked as a result of thawing of 
massive ice, ice-wedges, and ice-rich permafrost. Geo-
morphologically, the study site belongs to the third 
marine terrace, composed of alluvial-marine deposits–
sands, loams, and sandy loams, the thickness of which 
varies from 3 to 25 m. Holocene lacustrine-marsh de-
posits are ubiquitous and are confined to lake depres-
sions with peatbogs of up to 6 m in thickness. 

According to the scheme of the general geocryo-
logical zoning of the West Siberian Plate [Geocryolo-
gy of the USSR…, 1989], the survey site is located in 
the northern zone of the Novy Urengoy subzone of 
the Messoyakha region. The high-latitude position of 
the region in a harsh climate predetermined the wide-
spread, almost continuous development of perma-
frost, the thickness of which is 250–350 m and reach-
es 400–450 m in some cases. Taliks exist under large 
lakes and river beds. Permafrost in the study area has 
an epigenetic nature; the ice content of the upper ho-
rizons reaches 40–50 % and rapidly decreases with 
depth. In these deposits, strata consisting of layers of 
ice and icy loam are exposed.

In the study area, the leading factors influencing 
the formation of the temperature field are severe cli-
matic conditions, snow accumulation and vegetation 
patterns, topography, composition of frozen rocks, 
and their ice content. The mean annual permafrost 
temperature is –5…–7 °С; in depressions with snow 
accumulation, it rises by 2–3 °С. Based on the results 
of temperature measurements in boreholes, the aver-
age temperature at a depth of zero annual tempera-
ture amplitudes (10 meters) was calculated equal to 
–3.0 °С (minimum –4.6 °С, maximum –1.8 °С). Per-
mafrost in the survey area to a depth of drilling 
(12 m) is represented mainly by loamy sands; less of-
ten by loams and sands. Mineral deposits are covered 
from the surface with a moss-vegetation layer and 
peat. It should be noted that according to the authors 
[Danilov, 1975; Vasil’chuk, 2018] in the study area, 
paragenesis of ice wedges with bodies of massive ice 
can occur. One of the most common paragenetic com-
binations of ice is the coexistence of wedge and segre-
gation ice in Holocene sediments overlain by peat-
lands and underlain by sandy-loamy soils. In addi-
tion, ice wedges from the peatland may penetrate 
below into underlying ice beds.

RESEARCH METHODOLOGY

A set of engineering-geological works was carried 
out in the study area, which included the collection, 
study, and systematization of survey and research ma-
terials of previous years; reconnaissance survey of the 
site; drilling of engineering-geological boreholes; geo-
physical and geocryological studies. Field work was 
performed in April. The drilling of engineering-geo-
logical boreholes was carried out by self-propelled 
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drilling rigs URB-2A2, using a core method “dry” at a 
minimum rotation speed, with a diameter of up to 
160 mm, a depth of up to 12 m. If thawed soils were 
found, drilling was carried out with casing pipes to 
isolate the aquifer. In boreholes with permafrost, the 
temperature of the rocks was measured. Temperature 
observations were made in the boreholes with the 
ETC-0.1/10 set for field measurement of soil tempera-
ture with a TK 20/20 thermistor chain at depth inter-
vals of 0.5 m to a depth of 5 m; then, to a depth of 
10 m, with depth intervals of 1 m; and deeper, with 
depth intervals of 2 m; permafrost temperature at the 
bottom of boreholes was also measured.

Geophysical surveys were carried out using the 
GPR method on the projected sites using a grid of 
50 × 50 m (Fig. 1A). An OKO-2 ground-penetrating 
radar (NPC “Geotech”, Russia) with the antenna unit 
AB-150 of the dipole type was used. The GPR survey 
was performed in winter (Fig. 1B), when there was no 
seasonally thawed layer with increased electrical con-

ductivity, which favorably affected the quality and 
depth of the measurements, because of the minimal at-
tenuation of the electromagnetic wave in the upper 
part of the section. In addition, thin dense snow cover 
at the site smoothed out the uneven surface of the 
tundra, which improved georeferencing of the GPR 
data. The obtained data were processed using the 
Georadar-Expert software [Denisov, 2021]; time and 
depth sections were constructed, and an attribute 
analysis was performed using the Q-factor parameter 
[Denisov and Kapustin, 2010]. The electromagnetic 
wave velocity (V) was measured in the processing pro-
gram from data on diffraction reflection on the radar-
gram using a theoretical hyperbola. The dielectric 
permittivity (e) was calculated using the formula:

 ,V
c

e =

where V is the propagation velocity of an electro-
magnetic wave,  cm/ns; c is the speed of light in 
vacuum, cm/ns; e is the permittivity, c.u.

Fig. 1. Scheme of GPR survey (A) and gene
ral view of the site in winter (B) and summer 
(C).
(1) GPR profile and its number, (2) profile direction, 
and (3) engineering-geological borehole and its number.
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RESULTS AND DISCUSSION

For design of infrastructure facilities, the upper 
part of the section of Quaternary deposits serving as 
the basis for the designed objects is of major interest. 
Frost cracking and ice wedge formation associated 
with it are developed in the study area. The survey 
site is surrounded by numerous shallow (0.4–0.6 m) 
thermokarst lakes, both saucer-shaped and elongated.

The geological structure of the study area 
(Fig. 2) down to a depth of 12 m includes the follow-
ing lithogenetic complexes: Late Quaternary marine 
and alluvial sediments of the third sea terrace and 
Holocene biogenic deposits. The moss-vegetation and 
uppermost soil layers are exposed at depths from 0 to 
0.2 m, their thickness varies from 0.1 to 0.2 m. Below, 
Holocene biogenic deposits represented by frozen 
low-ice peat with a layered cryostructure. are found 
at depths of 0.4 to 6.1 m. A characteristic feature of 
the engineering-geological section at the study site is 
the presence of ice-bonded mineral layers in the peat 
and at its lower boundary. The ice content is such lay-
ers may reach 90 % and more. These layers occur at 
depths of 0.4–4.7 m, and their bulk density reaches 
0.83 g/cm3. Their maximum thickness is 3.7 m. Ther-
mometric observations in the borehole with such ice-
bonded mineral layers on April 16, 2018 indicated the 
minimum temperature of –12.2 °С at a depth of 1.4 m.

Figure  3 shows the time (Fig.  3a) and deep 
(Fig. 3b) georadar sections along profile No. 6,  passing 

Fig. 2. Geological sections according to drilling 
data.
(1) ice-rich mineral ground; (2) low-ice frozen peat; (3) well-
bonded low-ice loamy sand; (4) well-bonded low-ice sand, (5) 
depth of the base of the layer, m; (6) ground temperature (°C) 
and date of its measurement; (7) designation of the state of the 
soil (frozen soil); and (8) borehole number.

Fig. 3. Temporal (a) and depth (b) georadar sections along profile 6:
(1) ice-rich mineral ground, (2) frozen peat, (3) frozen loamy sand, (4) thawed loam, (5) presumed ice bodies, and (6) lower bound-
ary of GPR signal. 
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Fig. 5. Volumetric pseudo3D model of the iceground lens. 

Fig. 4. Sections of the pseudo3D model according 
to the Qfactor attribute:
(A) X–Y section at a depth of 3 m, (B) X–Z section, and (C) Y–Z 
section. 
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through the ice bonded ground lens penetrated by 
boreholes Nos. 316/30 and 316/51.

On the georadar section (Fig. 3b), layers with 
different dielectric constants are distinguished along 
the common-mode axes. The section is complicated 
by the lateral variability of soils and the presence of 
anomalous bodies. The first GPR layer from the sur-
face with parameters V = 13.0 cm/ns, e = 5.0 and 
thickness of up to 2 m is distinguished by high-ampli-
tude common-mode axes. This layer includes the 
snow cover from the top and the frozen low-ice peat 
under it. Differences in the thickness of the layers as 
measured in boreholes and according to GPR data are 
due to some distance (up to 15 m) of the boreholes 
from the GPR profile. In the interval of 5–170 m 
along the GPR profile, an anomalous zone is distin-
guished from a depth of 1.8 m and having a thickness 
of up to 3.0  m; in this zone, V  =  16.6  cm/ns, and 
e = 3.2. It corresponds to ice-rich mineral layer. Cha-
otic reflections in the body of this layer attest to the 
presence of soil impurities in the ice, from which the 
electromagnetic wave is reflected. A very unusual pic-
ture is observed at the lower boundary of the ice-rich 
layer at the contact with peat: there are many high-
amplitude diffractions of an electromagnetic wave. 
Permittivity values in this zone (e = 2.9–3.4) corre-
spond to ice. According to [Bricheva, 2018], numeri-
cal modeling of ice wedges of various shapes attests to 
the presence of diffraction hyperbolas from the wedg-
es and their edges. In other study in the area with 
analogous climatic and geological conditions [Tre-
gubov et al., 2019], diffraction reflections from local 
ice bodies were also observed. Based on the foregoing, 
the authors associate the presence of diffraction re-
flections of an electromagnetic wave at the base of the 
ice-rich mineral layer with the occurrence of ice 
wedges.

It should be noted that the distance between 
neighboring georadar profiles (50 m) did not allow to 
outline the network of ice wedges in plane. To do this, 
georadar profiles should be spaced apart at smaller 
distances. To confirm the presence of ice wedges at 
the base of the ice-rich mineral lens, verification by 
drilling in places of concentration of diffracted reflec-
tions is required.

Using attribute analysis, sections of the pseudo-
3D model were obtained from the Q-factor attribute 
(Fig. 4), which made it possible to display the spatial 
distribution of the ice-ground lens. Local ice wedges 
are not distinguished by the Q-factor attribute. This 
is explained by the fact that the electromagnetic wave 
is reflected and refracted from the local bodies of ice 
wedges quite intensively, so that it loses its energy 
and decays. As the value of the Q-factor attribute is 
inversely proportional to the attenuation of the elec-
tromagnetic wave, local ice wedges cannot be distin-
guished from the host rocks on the radargrams by the 
Q-factor attribute.

As a result of georadar survey, the pseudo-3D 
model of the surveyed area was built (Fig. 5). Based 
on the isosurface of the 3D model, the volume of the 
underlying ice-ground lens was estimated at approxi-
mately 20 795 m3.

CONCLUSIONS

As a result of the research, an ice-rich mineral 
lens has been detected within the layer of low-ice 
peat. On radargrams, this lens appeared as an anoma-
lous zone with the absence of in-phase axes, which 
indicates a low attenuation coefficient of the electro-
magnetic wave amplitude. High-amplitude diffrac-
tion reflections at the lower boundary of the ice-rich 
mineral lens with the underlying peat are probably 
associated with the presence of ice wedges. Attribute 
analysis of georadar data with the use of the Q-factor 
parameter makes it possible to identify the ice-rich 
mineral lens, whereas local ice wedges cannot be dis-
tinguished. Based on the isosurface of a three-dimen-
sional pseudo-3D model, the volume of the ice-rich 
mineral lens has been calculated. For a more accurate 
quantitative analysis of georadar data, it is necessary 
to reduce the distance between neighboring georadar 
profiles to 0.5–1 m. According to the authors, the 
presence of various forms of electromagnetic wave re-
flections on the wave patterns, which are characteris-
tic of the ice–ground lens and of the bodies of ice 
wedges, indicate their paragenesis, which is very 
common in the study area. To confirm this, it is neces-
sary to verify anomalous areas on radargrams by drill-
ing method.
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JUBILEE. NELLA ALEXANDROVNA SHPOLYANSKAYA
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2 Ukhta State Technical University, Department of Ecology, Land Management and Nature Management,  
Senyukova str. 13, Ukhta, Komi Republic, 169300 Russia 

January 20, 2022 marks the anniversary of Nella Alexandrovna Shpolyanskaya, a well-known permafrost 
scientist focused on ground ice history, Doctor of Geographical Sciences, now a professor at the Department of 
Ecology, Land Management and Nature Management, Ukhta State Technical University.

Keywords: permafrost science, ground ice, paleogeography, climate dynamics

Nella Alexandrovna Shpolyanskaya’s entire pro-
fessional life is connected with permafrost research, 
which she began back in the 1950s, during her stu-
dent years at the Department of Geography of the 
Polar Countries, Faculty of Geography, Lomonosov 
Moscow State University (MSU). Nella Alexandrov-
na graduated from MSU (1949–1954) with a qualifi-
cation of “physical geographer”.

Nella Shpolyanskaya worked in Transbaikalia 
and the Yenisei North, Bolshezemelskaya tundra and 
Kolyma, Chukotka and the Putorana Plateau, Tien 
Shan and the Caucasus. A larger part of her research 
has been devoted to the permafrost of Western Si-
beria.

Copyright © 2022 L.I. Zotova, G.G. Osadchaya, All rights reserved.

In 1979, Nella Shpolyanskaya defended her Doc-
tor of Science dissertation “The Frozen Zone of the 
Lithosphere of Western Siberia and Tendencies of Its 
Development” and became the first woman in the his-
tory of Russian permafrost science to be a Doctor of 
Geographical Sciences (the highest scientific degree 
in Russia).

Scientific interests of N.A. Shpolyanskaya are ex-
tremely diverse. These are the permafrost zone on 
land and shelf, permafrost/seasonally frozen ground 
formation patterns depending on the landscape and 
climatic conditions, massive ground ice origin and pa-
leoindicative significance, tolerance of cryogenic 
landscapes towards technogenic impacts, permafrost 

http://earthcryosphere.ru/
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survey of the areas of ore and gas deposits, the Pleis-
tocene–Holocene history of circumpolar Arctic per-
mafrost on land and shelf, and permafrost-climatic 
forecast for the 21st century.

Devotion to science and outstanding talent de-
termined the scientific success of N.A. Shpolyanskaya. 
She is the author of more than 230 scientific works, 
including well-known monographs: “Permafrost of 
Transbaikalia” [Shpolyanskaya, 1978], “Frozen Zone 
of the Lithosphere of Western Siberia and Trends of 
Its Development” [Shpolyanskaya, 1981], “Perma-
frost and Global Climate Change” [Shpolyanskaya, 
2010], “Pleistocene–Holocene History of Permafrost 
in the Russian Arctic through the “Eyes” of Ground 
Ice” [Shpolyanskaya, 2015].

N.A. Shpolyanskaya was a member of the team of 
authors working on the “Cryolithological Map of the 
USSR” [1985] and the textbooks “Regional Cryoli-
thology” [Popov et al., 1989] and “Fundamentals of 
Geocryology”. She is the author of permafrost maps 
in the Atlas of the Tyumen region [1971] and paleo-
permafrost maps in the Atlas of the Khanty-Mansi 
Autonomous Okrug. Her research has been repeat-
edly supported by grants from the Russian Founda-
tion for Basic Research, INTAS, and a state scienti-
fic scholarship awarded to outstanding scientists. In 
2001, she was awarded the title of Honored Research-
er of Moscow State University. She is the winner of 
the Crystal Compass Award (2018).

Working at MSU, Nella Alexandrovna Shpo-
lyanskaya was actively engaged in scientific and orga-
nizational work. In the 1970s, she was the Secretary 
of the Academic Council on Geomorphology, Perma-
frost, Paleogeography, and Cartography at the Fac-
ulty of Geography and Academic Secretary of the 
Dissertation Council of the Higher Attestation Com-
mission at Moscow State University (1975–1982). 
She was also a member of the Scientific Council on 
Oil and Gas Problems at the State Committee on Sci-
ence and Technology (1966–1980) and of the Scien-
tific Council on Earth Cryology at the Presidium of 
the Russian Academy of Sciences. N.A. Shpolyanskaya 
supervised major contractual work on the standards 
of permafrost-landscape interpretation of Western Si-
beria.

N.A. Shpolyanskaya is a talented teacher; she 
spent many years educating future cryolithologists. 
Among the main courses taught by Nella Alexnad-
rovna, one can single out “Permafrost Science”, 
“Physical Geography of the Polar Countries”, “Glo-
bal Climate Change and the Evolution of the Perma-
frost Zone”.

Since 2020, Nella Alexandrovna Shpolyanskaya 
has been working at the Ukhta State Technical Uni-
versity at the Department of Ecology, Land Manage-
ment and Nature Management. She is a benevolent 

person supporting the youth, with a wise and bal-
anced look at any issue, very attentive and sincere. 
Her creative activity is amazing: she prepares new 
scientific publications and presents her results at con-
ferences. In 2021, two monographs were prepared and 
published with her active participation: “Fundamen-
tals of Geocryology” (updated edition) [Shpolyans-
kaya et al., 2021b] and “Dynamics of Global Climate 
Change and Evolution of Permafrost” [Shpolyanska-
ya et al., 2021a]. She initiates a grant from the Rus-
sian Geographical Society, conducts university-wide 
seminars on Arctic topics, actively participates in the 
implementation of university plans to strengthen the 
northern component in the educational process, and 
lectures to students specializing in environmental sci-
ence and geology. 

Being an energetic, hardworking, sympathetic 
person, able to create a warm and friendly atmosphere 
in the team, Nella Alexandrovna enjoys the well-de-
served love and respect of her colleagues. It is always 
productive and pleasant to work and communicate 
with her.

On behalf of the teams of the Department of 
Cryolithology and Glaciology, Faculty of Geography, 
MSU, and the Department of Ecology, Land Mana-
gement and Nature Management, Ukhta State Tech-
nical University, we wish Nella Alexandrovna good 
health, prosperity and creative longevity!
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A HIGH HONOR AWARDED TO PERMAFROST SCIENTISTS 
FOR THEIR CONTRIBUTION TO RUSSIAN-GERMAN COOPERATION 

IN ARCTIC RESEARCH

O.I. Alekseeva1, Anne Morgenstern2

1 Melnikov Permafrost Institute, Siberian Branch of the Russian Academy of Sciences,  
Merzlotnaya str. 36, Yakutsk, 677010 Russia; o.i.alekseeva@mpi.ysn.ru  

2 Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research,  
Telegrafenberg A45, Potsdam, 14473 Germany

Dr. Mikhail Nikolaevich Grigoriev, Deputy Director of the Melnikov Permafrost Institute, Siberian Branch 
of the Russian Academy of Sciences (MPI SB RAS),Yakutsk, Russia and Prof. HansWolfgang Hubberten, former 
director of the Alfred Wegener Institute (AWI) Research Unit Potsdam, Helmholtz Centre for Polar and Marine 
Research (Potsdam, Germany) were awarded the Order of Merit of the Federal Republic of Germany in recogni
tion of their outstanding contributions to the development of Russian–German cooperation in Arctic research. 
The ceremony of bestowal took place in the MPI’s conference hall in Yakutsk on October 6, 2021.

Keywords: Russian–German scientific cooperation, Arctic, Order of Merit of the Federal Republic of Germany

The international Russian–German research ex
pedition “Lena” continues from spring to autumn ev
ery year in the Arctic zone of the Republic of Sakha 
(Yakutia) already during 23 years (Fig. 1).

The team of scientists, including geomorpholo
gists, paleogeographers, permafrost scientists, geo
physicists, hydrologists, zoologists, botanists, soil 
scientists, and representatives of other fields of sci
ence annually conduct research there within the 

framework of the Russian–German scientific coop
eration under the umbrella of the German Federal 
Ministry of Education and Research (BMBF) and 
the Russian Ministry of Science and Education.

The implementation of this comprehensive proj
ect promotes international scientific exchange and 
largely contributes to global Arctic research. The ob
tained results are the necessary data and information 
that serve as the basis for hundreds of articles and 

Copyright © 2022 O.I. Alekseeva, Anne Morgenstern, All rights reserved.

Fig. 1. Participants of the International Symposium “20 years of Russian-German Expeditions LENA”. 
October 17–19, 2018, St. Petersburg.
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Fig. 6. Presentation of the Order to Prof. Hans-
Wolfgang Hubberten by Dr. Manja Schüle, Bran-
denburg Minister for Science, Research and Cul-
ture. November 29, 2021, Potsdam (Germany).

Fig. 2. M.N. Grigoriev and H.-W. Hubberten (right), 
the coordinators of the Russian–German Lena 
research expeditions carrying out the study of ice-
rich shores dynamics. Oyagossky Yar, the Dmitry 
Laptev Strait coast, 2001.

Fig. 3. M.N. Grigoriev (right) and H.-W. Hubberten 
at the International Conference “Cryology of the 
Earth: 21st Century”. 2013, Pushchino, Moscow 
region.

Fig. 4. The Order of Merit of the Federal Republic 
of Germany and the Award List of the President of 
Germany.

Fig. 5. M.N. Grigoriev (right) after being awarded 
the Order of Merit of the Federal Republic of Ger-
many. The person to the left is the Consul General of 
the Federal Republic of Germany in the Siberian and 
Far Eastern Federal Districts, Bernd Finke.
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dozens of monographs elaborating on the present 
state and providing insights into future effect of cli
mate changes on the sensitive ecosystems of the Arc
tic. The scientific and logistical base of the Lena expe
dition located on Samoylov Island has become one of 
the best stateoftheart Arctic research stations in 
the world.

In the context of global climate change, with the 
impact on humans becoming increasingly topical, the 
worldwide recognition and significance of the Lena 
expeditions have made it unique in many aspects. 
Joint comprehensive research work in the Arctic zone 
of Yakutia touches on important issues related to the 
implications of climate change, thereby allowing the 
most important inferences about the current state of 
the Arctic environment and its development. The 
achievements in the Russian–German scientific part
nership have created a solid foundation for future 
projects demonstrating a good example of scientific 
collaboration (Fig. 2).

The friendly relationships between Russian and 
German scientists definitely have played a key role in 
the successful activities of the Lena research expedi
tions. Besides, behind it stands a huge organizational 
and financial support, which was provided (especially 
at the initial stage) by the Alfred Wegener Institute 
for Polar and Marine Research, Germany, and re
searchers from German universities, e.g. from Ham
burg, Cologne, Potsdam and other cities.

Equally important were the efforts of manage
ment and staff of the Melnikov Permafrost Institute, 
SB RAS, and from other institutions, among them 
the Ammosov NorthEastern Federal University, Ya
kutsk; the Arctic and Antarctic Research Institute 
(AARI), St. Petersburg; and many other Russian 
partners, including the Trofimuk Institute of Petro
leum Geology and Geophysics SB RAS, Novosibirsk 
actively involved in the renovation of the research 
station at Samoylov Island.

Mikhail Nikolaevich Grigoriev, Dr. Sc. in Geog
raphy, Deputy Director of the Melnikov Permafrost 
Institute SB RAS (Russia, Yakutsk) and Professor 
HansWolfgang Hubberten, former director of the Al
fred Wegener Institute (AWI) Research Unit Pots
dam, Helmholtz Centre for Polar and Marine Re
search (Potsdam, Germany) were awarded the high
est award – the Order of Merit for the Federal 
Republic of Germany – for their outstanding contri
bution to the development of RussianGerman scien
tific collaboration in the study of the Arctic zone 
(Figs. 3 and 4).

The award ceremony took place on October 6, 
2021 in Yakutsk in the assembly hall of the Melnikov 
Permafrost Institute.

Consul General of the Federal Republic of Ger
many in the Siberian and Far Eastern Federal Dis
tricts, Mr. Bernd Finke visited Yakutsk to attend the 
ceremony (Fig. 5).

In his welcoming speech, he noted that the 
awarding decree was signed by Germany’s President 
FrankWalter Steinmeier a year ago (September 3, 
2020); however, due to the pandemic and related re
strictions, the ceremony had to be postponed. “In the 
context of the presently complicated international situ-
ation, such examples of effective and successful coop-
eration between our countries are of particular impor-
tance”, Mr. Finke said. 

He emphasized the great contribution made by 
M.N. Grigoriev and H.W. Hubberten over the past 
30 years to the development of joint scientific proj
ects in the Arctic and, in particular, to the Russian
German expedition “Lena” activities, as well as to the 
activities involving international scientific collectives 
in the Arctic research at the Samoylov Island Re
search Station.

M.N. Grigoriev in his speech and H.W. Hub
berten in his letter noted that “…this award effective-
ly  relates to all members of the large, strongly-tied 
team of permafrost-scientists participating in the re-
search”.

The ceremony of the presentation of the Order of 
Merit of the Federal Republic of Germany to Prof. 
HansWolfgang Hubberten by Dr. Manja Schüle, 
Brandenburg Minister for Science, Research and 
Culture took place in Potsdam (Germany) on No
vember 29, 2021 (Fig. 6).

In his congratulation letter, M.N. Grigoriev not
ed: “Dear Hans, I am happy to have been acquainted 
with you, since you came to Yakutsk 25 years ago to the 
Permafrost Institute together with Jørn Thiede and Hei-
di Kassens to launch the Laptev Sea System research 
project. I’ve been in touch with you ever since, through 
common work, joint research into the Siberian and Arc-
tic permafrost, and long-lasting friendship. You have 
been my best partner and companion, always willing to 
lend a helping hand”.

The longterm RussianGerman research expe
dition “Lena” plans for 2022 and the years to come 
to  conduct research by several field teams in the 
Lena Delta and on the adjacent Laptev Sea coast us
ing the Samoylov Island Research Station both as 
a  logistic base and study area. The research lines 
will include: Late Pleistocene ice complex; coastal 
processes; thermokarst and thermal erosional pro
cesses dynamics; mechanisms of talik formation 
and subaqueous permafrost degradation; hydrologi
cal processes; parame ters of permafrostaffected soils, 
etc.
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IN MEMORIAM. EDUARD VASILIEVICH SEVERSKII 
(May 5, 1940–October 9, 2021)

M.N. Zheleznyak, M.N. Grigoriev, A.N. Fedorov, R.V. Zhang, 
V.V. Shepelev, O.I. Alekseeva

Melnikov Permafrost Institute, Siberian Branch of the Russian Academy of Sciences,  
Merzlotnaya str. 36, Yakutsk, 677010 Russia; o.i.alekseeva@mpi.ysn.ru

Eduard Vasilievich Severskii, Candidate of Sciences (PhD) in Agriculture, head of the Kazakhstan Alpine 
Permafrost Laboratory at the Melnikov Permafrost Institute, passed away on October 9, 2021. An eminent 
scholar and highly qualified permafrost researcher, Severskii devoted his career to the study and mapping of 
seasonally and perennially frozen ground and related phenomena in the high mountains of Central Asia. The 
fond memory of the remarkable scientist and person will remain in our hearts forever.

Keywords: Eduard Vasilievich Severskii, Asian alpine permafrost

Eduard Vasilievich Severskii was born in Issyk 
village, Eibekshikazakh district of Almaty region, Ka
zakhstan in 1940. He graduated from the Abay Ka
zakh Pedagogical University with a MS degree in 
geography and biology in 1962. In 1972, he defended 
his Cand. Sci. dissertation “Forest site types and zo
nation of the dark coniferous forests in the Rudny 
Altai”. He began his career in 1974 working as a juni
or researcher at the Kazakhstan Alpine Geocryologi
cal Laboratory of the Permafrost Institute. After
wards, he worked as a senior researcher and, since 
1994 until his death, as the head of the laboratory.

Copyright © 2022 M.N. Zheleznyak, M.N. Grigoriev, A.N. Fedorov, R.V. Zhang, V.V. Shepelev, O.I. Alekseeva, All rights 
reserved.

E.V. Severskii made particular progress in study
ing seasonally frozen ground and alpine permafrost re
gions. He and his colleagues were the first to estimate 
the amount of ground ice in the Northern Tien Shan. 
These studies are of great scientific and practical im
portance for predicting natural processes, inclu ding 
most hazardous, devastating natural phenomena (mud
flows, slushflows, etc.) and for developing highlands to 
solve specific problems in the design, construction, and 
operations of different engineering structures.

Scientific developments of E.V. Severskii have 
found wide practical application at the Institute of 
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Geography and the Institute of Archeology of the Re
public of Kazakhstan. He took part in multiple geoc
ryological field works, e.g., within the framework of 
the International Archaeological Expedition of the 
UNESCO project titled “Frozen Tombs of the Altai 
Mountains: Strategy and Prospects”. One of his 
achievements was that he revealed patterns of the 
formation of “subkurgan” permafrost in ancient buri
als of the Kazakh Altai. 

Results of his research works have been summa
rized in scientific and technical reports and practical 
recommendations and published in scientific articles 
and monographs, as well as presented at various in
ternational scientific conferences in Kazakhstan, Bel
gium, and China. His works on zoning and dynamics 

of alpine permafrost distribution in the Asian moun
tainous regions are of fundamental importance. Dur
ing his scientific activity, E.V. Severskii authored over 
100 scientific papers and 5 monographs. The 1:5 M 
geocryological map of Kazakhstan and the mono
graph “Geocryology of Kazakhstan” included in the 
National Atlas of Republic of Kazakhstan have been 
published for the first time. 

Owing to Severskii’s excellent organizational 
skills and his team members commitment, the scien
tific results have repeatedly been given the status of 
key priority at the Melnikov Permafrost Institute, 
Siberian Branch of the Russian Academy of Sciences. 

This outstanding scientist and wonderful person 
will forever remain in our hearts and memory.
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