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Introduction

The establishment of relationships between sediment composition and climatic en-
vironment in the sediment basin and subsequent evolution of climate relates to the
classical problems of fundamental sedimentology. The widely known publications
by the Russian academicians N.M. Strakhov, A.B. Ronov, and A.P. Lisitsin are
dedicated to different aspects of this problem. In particular, the monograph pub-
lished by A.P. Lisitsin “Sea-ice and iceberg sedimentation in the Ocean: recent and
past” (Lisitsin, 2002) closely corresponds to the issues examined in this book. This
monograph discusses in detail the environments and means of accumulations of
recent marine and oceanic sediments in the ice zone of sedimentation of the Ocean,
however, much less attention is given to the history of ice sedimentation, especially
to high-resolution paleoceanography.

In the present work the authors accepted the following basic principles:

1. Study not only of the Arctic, but also of the Subarctic, especially of those regions,
where there were conducted the original studies by the authors.

2. Study of climatic history influence (first of all, – the glaciation evolution of
Northern Hemisphere) on sedimentation for the last 130 ka (MIS 5e – MIS 1) not
only in the marine periglacial environment (term of G.G. Matishov), but also in
the deep water areas and on the adjacent continental blocks.

3. Imperative description of recent sedimentation environment for subsequent ap-
plication of the comparative-lithological method.

4. Detailed consideration of accessible stratigraphic and geo-chronometric data for
partition and correlation of various sedimentary facies.

Some of the above-mentioned principles require further explanation. First of all,
stratigraphy of the recent marine and oceanic sediments of the Arctic ice zone was
essentially undeveloped compared to the stratigraphy of terrestrial Quaternary sed-
iments. This circumstance was due to the predominantly terrigenous composition
of marine sediments, which, as a rule, do not contain sufficient amount of bio-
genic calcite for dating by the traditional methods of radiocarbon analysis. As it
was shown by numerous studies, in these sediments the scattered organic matter
is mainly terrigenous and redeposited. Therefore, it is not suitable for radiocarbon
dating. Just at the beginning of the 80’s of the last century the new method of ra-
diocarbon dating appeared which was based on the accelerating mass-spectrometry
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(AMS 14C), which made it possible to date sediments using the very small (first
milligrams) hinges of calcite.

Only then, the active determination of age of the Arctic and Subarctic siliciclastic
sediments has become widely available within the age limits of radiocarbon method
(approximately within 50 ka). Unfortunately, the AMS 14C facility does not exist
in Russia. The presented data either are taken from the reference or determined
in the course of joint projects with the associates from Germany, USA, France.
Lately some funding has become available for payment of the corresponding studies
abroad, which gives hope for the wider use of AMS 14C method in Russia.

Secondly, the next important stratigraphic method for the Arctic sediments is
oxygen-isotope study. Development of new generation of mass spectrometers and
special prefixes for the automatic mass measurement of samples allowed obtaining
appropriate data literally on several species of the carbonate foraminifer planktonic
and secretional tests.

Thirdly, the actively developing procedures of magnetostratigraphy, which inves-
tigate magnetic excurses, played an important role in the stratigraphy of the Arctic
sediments. Such works have already led to a whole series of important discoveries,
in particular, to the “rejuvenation” of many geological cross-sections and the proof
of the higher sedimentation rates in the pelagic regions of the Arctic Ocean, than it
was considered earlier.

Finally, a wide application of optically simulated luminescence (OSL) method
and dating of exposure age on the earth’s surface on 10Be is very important for the
stratigraphy of Quaternary sediments and understanding of the glacial history of the
continental blocks, which adjoin the Arctic Ocean.

In the first part of the book a prime attention is given to geology and paleoecology
of the terrestrial Upper Quaternary and Holocene sediments at the territory of North
Eurasia since the authors mainly conducted their own studies in these regions, or
in the surrounding seas (for example, the longest chapter is dedicated to the West
Arctic seas). However, there is much information regarding the history of glaciation
of Greenland and North America in the chapters devoted to the West Subarctic seas
and the Arctic Ocean. It should be noted that the studies are presented here start-
ing from the Mikulino Interglaciation (MIS 5e), in order to have the comparative
material for the analysis of the last interglacial period – the Holocene.

Again, the authors would like to emphasize the comprehensive character of the
conducted investigations. There was studied the influence of the most varied glacia-
tion features on evolution of sedimentation, in particular: continental and marine
ice sheets, mountain glaciations, permafrost, sea ice and icebergs. The influence of
these features on the Earth climate and its change is completely obvious.

Is is important to note two other main components of the Arctic climate: the
influence of water exchange of the Arctic Ocean with the warm and saline waters of
the Atlantic Ocean and, to a lesser degree, with the Pacific waters, and the abundant
liquid and solid riverine discharge of Eurasia and North America into the Arctic
Ocean. The above influence of both factors on accumulation, primary production,
thermohaline circulation, water chemistry, temperature fields in the water layer and
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the atmosphere is very significant. These factors have been studied to a different
degree in various regions. Some data are presented for the first time.

In order to solve the specified fundamental problem not only the “direct” task
is imperative, for example as the climatic features influence sedimentation, but also
the “reverse” task, as according to sedimentology proxies (grain-size, mineralogical,
geochemical, and micropaleontological data), to determine climate environment and
its changes. Here the authors proposed a whole set of indicators, which are valid
within the regional framework of its application. At the first place, the book deals
with the heavy, light and clay mineral data, and results of geochemical (organic and
inorganic) studies.

Introduction is written by Prof. Dr. M.A. Levitan (V.I. Vernadsky Institute for
Geochemistry and Analytical Chemistry, Russian Academy of Sciences, Moscow,
Russia) with participation of Prof. Dr. Yu.A. Lavrushin (Geological Institute, Rus-
sian Academy of Sciences, Moscow, Russia), the second part is composed by M.A.
Levitan (with one exception: Section “Organic-Geochemical Sediment Studies of
the Eastern Part of the Central Arctic” is written by Prof. Dr. R. Stein, Alfred-
Wegener Institute for Polar and Marine Research, Bremerhaven, Germany). The
author of the first and the third parts is Yu.A. Lavrushin (with the participation of
M.A. Levitan in the third part). The authors of the book have been studying the
above scientific issues for a long period. It is worthy to note that the first monograph
of Yu.A. Lavrushin, dedicated to the Quaternary sediments of Spitsbergen, was pub-
lished in 1969. The first cruise of M.A. Levitan into the Sea of Okhotsk happened
in 1976, and it did in 1982 into the Bering Sea. For the last 15 years almost all
publications of M.A. Levitan were dedicated to the Arctic and the Subarctic regions.

It makes sense to briefly mention the title of this book. It is necessary to note that
the sedimentation basins of the extensive Arctic region have been studied unevenly
(for example, it is difficult to compare the Barents and East Siberian Sea degree of
research). At present, there are still very few datings and not enough bore holes. For
the most part, sedimentation history on the shelves could be described only for the
latest 10–15 ka according to the research results for the shelf seas of North Eurasia.
There are only a few paragraphs that discuss sedimentation history of much longer
time periods (up to 1.1 million years).

The severe ice conditions still do not allow conducting scientific studies on board
of the common research vessels in many Arctic regions, for example, in the Kara
and East Siberian Sea. Thus far, the continental margin of the Arctic Ocean has been
poorly studied. In this book the authors have not considered the applied scientific
aspects, such as oil and gas exploration, geological engineering, geo-ecology, placer
deposits, fishery, etc., but the importance of the book for these studies is obvious.

To summarize, the authors have chosen this particular book title and proposed it
to the readers because the necessity for scientific generalization of the Arctic stud-
ies had already appeared that, in particular, emphasized by numerous publications
dedicated to the studies of other aspects of marine geology of the Arctic region
[(Svitoch, 2003; Romankevich and Vetrov, 2001; Stein and Macdonald, 2004) and
other].
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The international studies of the high-latitude regions, in particular, the Arctic and
the Subarctic are of particular importance. The authors participated in many inter-
national programs, mainly in joint cooperation with the German associates from
the AWI (Bremerhaven) and GEOMAR (Kiel) scientific institutions. Besides the
joint papers, there were published four collections, in which the authors partici-
pated in composition and editing (Stein et al., 1996; 1999; Schoster and Levitan,
2003, 2004). M.A. Levitan had an unforgettable impression during the expeditions
on board of the German research ice-breaker Polarstern (1997) in the area of the
Yermak Plateau and on board of the French research vessel Marion Dufresne (2001)
in the Japan Sea, Sea of Okhotsk and the northwestern part of the Pacific Ocean.
The authors are deeply grateful to all associates and crews of the above scientific
expeditions.

Finally, it is necessary to focus attention on one more crucial point. Several in-
ternational expeditions have been working for the last 10–15 years in the Subarctic
regions of the Russian part of Eurasia and the adjacent seas. As a result of these
studies, many new interesting materials have been obtained, which made it possible
to formulate a number of the fundamental conclusions, presented in many publica-
tions. The overwhelming majority of these publications are known to the authors of
this book, but the references are absent in the book due to the following reason. It
is caused by significant controversy and insufficient authenticity of the part of the
conclusions, based on geochronological methods. In particular, the datings, obtained
by modern modification of thermoluminescent method. As far as TL-method is con-
cerned, the absolutization of the results obtained, causes doubt in many Russian and
foreign researchers.

With respect to some conclusions, based on the datings of AMS 14C method, it
seems that the sampling procedure did not take into account the local features of
sedimentation particularities. In particular, the discussion deals with the fact that
in Pleistocene the alluvial deposits of the north of Eurasia contained plant detrite
of unequal-age, which accumulation is respectively connected with the wash-out of
the peat bogs of different age.

Despite the above considerations, obtaining the large set of geochronological
data, although of various degree of authenticity, by itself is the important result of
the international research, since previously only single datings have been known.
These findings made it possible to date many important paleogeographic events of
the Subarctic. Some of the obtained results have been taken into account, and are
being discussed at the I and III parts of the proposed book.

Authors used different approaches: M.A. Levitan described mainly results of his
regional studies while Yu.A. Lavrushin concentrated on important results obtained
by Russian researchers in the Arctic/Subarctic region. This still makes the book to
be an important contribution in Arctic Ocean climate research because it will present
a lot of new data and interpretation which are not available in the open literature for
western readers yet.

Funding of the executed work was achieved due to the Grants of Russian Founda-
tion for Basic Research (RFFI), RFFI-CNRS (France), RFFI-GFEN (China), DFG
(Germany), NRL (USA), FTSP “World Ocean”, Presidium RAS (Russian Academy
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of Sciences) (program # 16), ONZ-14. The authors are grateful to the funding agen-
cies and organizations, which contributed to the creation of this monograph. The
authors hope that the proposed book will find its readers among the specialists in the
areas of sedimentology, Quaternary and marine geology, paleoceanography, marine
geoecology, oceanology, climatology, and also among students of the enumerated
specialties.

The translation of slightly modified version of book by (Levitan et al., 2007a) is
performed by E.S. Shelekhova, Ph. D. (Moscow, Russia). Editing of translation was
done by M.A. Levitan (whole manuscript), R. Stein (Part II), and T.N. Golodnyuk
(Parts I and III).
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Geological and Paleoecological Events of

the Late Pleistocene and Holocene in
Northern Eurasia



Chapter 1
Geological and Paleoecological Events
of the Late Pleistocene along Eurasian
Coastal Areas of the Arctic Ocean

In the Late Pleistocene and Holocene a number of important geological-
paleoecological events took place that were related to significant global climatic
changes, relationships of land and sea areas, specific terrestrial sedimentation, and
different types of natural phenomena some which had a catastrophic character and,
accordingly, geoecological effect.

General Upper Pleistocene Stratigraphic Scheme
for Northern Eurasia

In contrast to the lower units of the Pleistocene, stratigraphy of the upper one has
been studied for a long time and developed in detail. The most comprehensive inves-
tigations were carried out in the Eurasian temperate zone of Northern Hemisphere.
Therefore, it seems expedient to begin describing the Upper Pleistocene stratigra-
phy from this zone. In spite of numerous debatable problems, application of phys-
ical methods and usage of results of paleomagnetic, biostratigraphic, paleoclimatic
and lithological investigations enabled approaching still inadequately substantiated
but essentially new scheme of Late Pleistocene event stratigraphy (Lavrushin et al.,
2002). It should be stressed that such a scheme can be developed on the base of mul-
tidisciplinary studies only. The application of physical methods to different (conti-
nental and marine) natural environments helps to compile a calendar of significant
global events, which occurred both in the subaqual and subaerial conditions, includ-
ing subglacial ones, and provides an important tool of reliable correlations of many
natural phenomena.

After the preliminary brief notes some general trends in the Late Pleistocene
environmental history should be outlined. Now this time interval is estimated to be
approximately 130 ka.

Traditionally, the Russian researchers distinguish a single interglacial of the early
Late Pleistocene, which is called Mikulino in the European part of Russia and
Kazantsev in the Asian part and correlative to the Eemian Interglacial of Western
Europe. Two glacials and two interstadials of the later time were established. The
glacials correspond to the Kalinin and Ostashkov glaciations (correlated with MIS 4
and MIS 2 respectively) in European Russia and to the Zyryansk and Sartan glacia-
tions in Siberia. The interstadials embrace a larger (post-Eemian) part of MIS 5

M.A. Levitan, Y.A. Lavrushin, Sedimentation History in the Arctic Ocean and Subarctic
Seas for the Last 130 kyr, Lecture Notes in Earth Sciences 118,
DOI 10.1007/978-3-642-00288-5 1, C© Springer-Verlag Berlin Heidelberg 2009
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(d–a) and MIS 3. The latter interstadial is called the Middle Valday. The intersta-
dials were characterized by climatic instability with periodic alternation of warm-
ing and cooling phases. According to integrated data (mainly palynological), the
warming phases were colder than the present-day climate. Landscapes close to the
periglacial ones with some cryogenic horizons dominated in the cooling phases.
Shifts of Scandinavia and Spitsbergen mountain glaciers to the shelves were fixed at
MIS 5 d.

The mentioned events reflect a complex climatic history of the Late Pleistocene.
Since this book describes processes both in the Arctic seas and adjacent land areas,
the noticeable fluctuations of the World Ocean level are worth noting. During the
last glaciation the sea level fell by 110–120 m and a large part of the Arctic shelves
was dried. Consequently, since the Kalinin Glaciation is supposed to be the most
significant one, the dried shelf area was wider at that time.

Some important facts related to the glaciations should be also mentioned. The
glacier degradation caused a very rapid rise of sea level. The available data indi-
cates a catastrophic rate of post-glacial transgression and avalanche sedimentation.
As shown below, there was a rapid rearrangement of sea currents, which reflected
the high dynamics of water mass and its complex structure. Periodic changes of
marine biota (the cold Arctic fauna was replaced by the warmer boreal and Arctic-
boreal ones and vice versa) occurred even during the interstadials, which may serve
as indicators of paleoclimatic conditions on the adjacent land areas. In this case we
deal with paleodynamics of different-type water masses rather than the ocean level
fluctuations. Particularly, the cooling could be caused by deep penetration of high-
Arctic water masses into the shelf seas, while the warming could be brought about
by the warm currents, e.g., a branch of the paleo-Gulf Stream. A role of atmospheric
processes must not be neglected. According to available data, vegetation of Euro-
pean Russia included some Siberian floral elements in the post-Eemian phases of
MIS 5d–5a and some West European elements at MIS 3.

Finally, one more important fact is worth noting. Changes in the sea current sys-
tem occurred not only in the Late Glacial phases, but also in the relatively warm
intervals, particularly, in the interglacials. The high changeability of sea currents in
the early Eemian Interglacial (Lavrushin and Alekseev, 1999) was found out by the
German researchers (Haake and Pflaumann, 1989) who studied foraminifers of the
Vøring Plateau of the Norwegian Sea.

The cold East Spitsbergen current was originated in the Holocene (Subboreal) in
the northwestern Barents Sea, between the Bear Island and Spitsbergen (Lavrushin
et al., 1990). This current brought about an increase of ice volume in the Barents
Sea and climatic deterioration in European Russia. Certainly, its influence should
not be overestimated, because this area experienced a reduced effect of the Atlantic
air masses and an increased action of the Siberian air masses (Spiridonova and
Lavrushin, 1997).

Thus, the climatic conditions were formed under the influence of both highly
dynamical water masses and genetically different air masses.

The presented trends in the Late Pleistocene environmental development are con-
sidered below in more detail.
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Duration of the Mikulino Interglaciation

As it was noted, the important markers of the early Late Pleistocene are the Eemian
Interglaciation in Western Europe and the Mikulino and Kazantsev Interglacia-
tions in Russia. At present there are two opinions about duration of the Mikulino
Interglaciation. Some researchers interprete this event to be a short-term episode
15–20 ka long. Others consider it lasted for approximately 70 ka. So, according
to the EPR dating, the interglaciation in Northwestern Russia occurred 140–70 ka
ago (Molodkov and Raukas, 1998c). The duration of the Eemian Interglaciation is
also differently estimated by West European researchers. The lowermost Eemian
deposits of the Netherlands (the Amsterdam region) dated by the U/Th method have
an age of 117 ka, and the entire duration of the Eemian interglaciation is about
19–20 ka according to the uranium method (136.2–117.2 ka ago) (Kruk et al., 1998).
According to the U/Th method, the Eemian in the Lower Saxony (Germany) ranged
149–115 ka ago (Urban, 1998). The U/Th dating for corals of Hawaii, California,
Florida, and Bahamas yielded the interval of 132–115 ka ago, which corresponds
to MIS 5e and, possibly, a part of MIS 5d (Muhs, 1998). It should be noted that
the previous correlation of the Eemian to MIS 5 is supported now by very few
researchers. The common opinion is that the Eemian Interglaciation corresponds to
MIS 5e and lasted approximately 15–20 ka. Importantly, according to the oxygen-
isotope records from the lower part of the Greenland ice sheet, the Eemian duration
is also limited to MIS 5e comprising several phase-type units (Johnsen et al., 1995)
reflecting short-term warmings and coolings (Fig. 1.1).

The results of the oxygen-isotope investigations of the ice sheet (the GRIP
borehole) appeared to be essentially inconsistent with paleoclimatic data for the
land areas. These data revealed a semisinusoidal-type trend, which can be briefly
described as follows: gradual warming → climatic optimum→ gradual cooling. No
phases complicating the trend have been distinguished.

Thus, the available date of 135 ka for the Early Eemian and the Holocene time
of 10 ka suggest the overall length of the Late Pleistocene as 125–130 ka.

However, some debatable problems appeared recently. First of all, three, but not
two, glaciations can be established in the Late Pleistocene. This idea was forwarded
by the Scandinavian researchers, who dated the glaciations as 90–80, 60–50 and
20–10 ka ago respectively. But dates for the Late Pleistocene glacial events vary
in different regions. This fact seems to stem from two reasons. The first reason
is the application of different methods of dating, some of which are still far from
being reliable. The age determinations of the Mikulino Interglaciation can serve as
an example. Second, the dates obtained by the OSL and U/Th methods for the same
strata are quite different. Attention should be paid to one more methodological point.
Ages of the glacial events of the last, third part of the Late Pleistocene (the Late Visla
Glacial) are usually shown both in calibrated and radiocarbon dates, while dates for
older stadials, interstadials, and glacials are not sufficiently reliable.
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Fig. 1.1 Oxygen-isotope records of the lower parts of the GRIP and GISP 2 Greenland ice cores
(Johnsen et al., 1995)

Correlation of the Natural Events Correlative with MIS 5d–5a
in Northern West Europe and Northwestern Russia

As noted above, the natural events correlative with MIS 5 (substages 5d–5a) were
characterized by considerable climatic instability, which was pronounced in alterna-
tion of relatively warm and cold phases similar to interstadials and stadials (Fig. 1.2).
In the northwestern part of European Russia the following events are known:
Kurgolov Stadial, Upper Volga Interstadial, Kileshinsky Stadial, Tosnensky Intersta-
dial, Bologovsky Stadial, Berezaysky Interstadial, and Yedrovsky Stadial. In West-
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Fig. 1.2 Climatostratigraphic scheme of main natural events of the Late Pleistocene (by Yu A.
Lavrushin, based on (Behre, 1989; Spiridonova, 1983; Mangerud, 1989). Palynological, geological
and geomorphological data are used qualitatively
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ern Europe there were Herring Stadial, Amersfoort and Brerup Interstadials sepa-
rated by insignificant cooling (they are correlated with the Upper Volga Interstadial),
Rederstall Stadial, and Odderade Interstadial. The latter is correlated to MIS 5a and
dated as 72–61 ka ago. Traditionally this time interval is assigned to the Early Val-
day. But since the West European events were correlated to the isotopic substages,
it seems reasonable to establish this interval as a unit of the Late Neo-Pleistocene. It
is about 40 ka long and precedes the Kalinin Glacial. This unit can be named Late
Eemian or eo-Early Valday (eo-Visla). The latter name is probably preferable for the
stratigraphic scheme of European Russia. Besides, the Blake paleomagnetic event
occurred approximately 90 ka ago, which coincided with the Amersfoort–Brerup
Interstadial.

The next important event is the Kalinin Glaciation, which corresponds to MIS
4 and assigned to the Early Valday. According to the available data, this glaciation
was very short-term and lasted about 5–10 ka. If this is real, this event should be
considered as a serious natural catastrophe.

The Middle Valday (MIS 3) is characterized by essential climate changes
reflected in repeated episodes of cooling and warming. The Kashin, Grazhdan-
skoe and Dunabe warmings can be distinguished. The following successive warm-
ings were established in West Europe: Oeerel (58–54 ka ago), Glinde (51–48 ka
ago), Meershoofd (46–44 ka ago), Hengelo (39–36 ka ago), and Denekamp
(32–28 ka ago). Many important natural and archaeological events took place in
East Europe during the Middle Valday. The most dramatic events are rapid land-
scape changes, alterations of the Late Paleolithic material cultures, changes in paleo-
zoological assemblages, ashfalls dated as 38 and 33 ka ago and probably indicating
a contact zone of two (Atlantic and Turkestan) air masses, reoccurrence of slope pro-
cesses, abrupt changes in the river hydrological regime reflected in specific alluvium
structure. Two paleomagnetic events were recorded in the Middle Valday: Lashamp
(42 ka ago) and Mono (25 ka ago). In general, the Middle Valday is similar to the
eo-Early Valday in the internal structure. The both intervals can be considered to
be pre-glacial time of sharp climatic oscillations leading to essential environmental
changes. The general trend similar to the glacial-type one, however, is variously pro-
nounced in different regions, which assumes a nonlinear character of the processes.

The Late Valday (MIS 2) is the time of the Ostashkov Glaciation. Short-term sta-
dials and interstadials at the end of this glaciation were succeeded by a sharp warm-
ing at the Late Neopleistocene–Holocene boundary. In Greenland a temperature rose
by 10◦C. Such climatic change can be attributed to a crisis of the Late Glacial. The
end of the last glaciation was characterized by the following sedimentation pro-
cesses: avalanche fluvioglacial sedimentation, peculiar hydrological regime of river
flows without floods, intensive sediment accumulation on slopes, which dammed
small river flows. The Geteborg paleomagnetic event occurred about 12 ka ago. The
Late Glacial is marked by the Late Paleolithic cultures, disappearance of many large
mammals of the Late Paleolithic fauna, radical landscape changes, etc.

During the Late Pleistocene glaciations, the glaciosedimentary processes in the
glaciated regions were accompanied by sedimentation in the periglacial zones,
which was proceeded in three phases. The slope sedimentation in wet climatic
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conditions dominated in the early phase. The middle phase was characterized by
arid climate, intensive loess accumulation, cryogenic process, and formation of
structures and deposits typical of a cryozone. The final phase (Late Glacial) was
described above in detail.

Certainly, the dates used herein (Behre, 1989; Behre and Plicht, 1992) are being
refined or should be refined in future. Nevertheless, they can provide a possibility to
develop an event-based stratigraphic scale for the Late Pleistocene.

The described general trends in the Late Pleistocene environmental evolution
have not been completely fixed in the Arctic regions, especially in the shelves and
the ocean.

The picture presented actually demonstrates the level of studies to be approached
by researchers of the Arctic regions. As shown below, some works are in progress,
but the Upper Pleistocene stratigraphy of the Arctic regions is far from being so
refined as that of southern Russia or West Europe. This fact should be taken in
account when considering materials on the Arctic and sub-Arctic areas.

There is one more point to be paid attention. Geological heterogeneity of the Arc-
tic seas determines specific features of their geological history and hampers reliable
correlations of geological events of different types.

The southern Arctic seas adjacent to Eurasia can be classified into two groups.
The first group includes the glacial shelf seas, i.e., the sea areas, which were repeat-
edly dried out and covered by continental ice during the Quaternary. The second
group of the Arctic seas, the Laptev Sea and eastward, was located in the non-
glaciation region, but in the large cryozone of very severe climate and with perma-
nent sea ice cover. These seas differ also in geological structure, as it will be shown
below.



Chapter 2
Late Pleistocene Geologic-Paleoecological
Events in the North of European Russia

Relationship between Land and Sea Areas during the Mikulino
Interglacial in Northern Eurasia

The main object to be considered is sediments of the Eemian (Mginsk) or Boreal,
transgression. Some general trends of their distribution and biostratigraphic evi-
dence are presented. These sediments have been long studied by many researchers,
and the aim of this chapter is to summarize the results.

According to (Lavrova and Troitsky, 1960), the Boreal basin was mostly shal-
low. Coastal sandy facies contained a rich molluscan fauna with dominating boreal
species (Cyprina islandica, Astarte borealis, Mactra elliptica and others), Lusi-
tanian elements (Anomia striata, Cardium edule), which suggests the high water
salinity, positive winter temperatures, and active aeration of the basin. Of sublit-
toral diatoms the warm-water benthic and semibenthic forms are especially abun-
dant (Polyakova, 1997). The climate of the Boreal transgression was one of the
warmest in the second half of the Pleistocene. Coniferous forests dominated the
coastal vegetation, and broad-leaved species grew on the southern shore of the White
Sea. Glaciers disappeared from the Scandinavian mountains and the Kola Peninsula
(Geology of Quaternary deposits of the north-western European part of the USSR,
1967).

The results of investigations and published data allow conclusion that the sedi-
ments of the Boreal transgression spread continuously from the Gulf of Finland
to the White Sea. Therefore the transgression can be considered to be a signifi-
cant event, which changed relationship between the land and sea areas. The sea
transgression spread along valleys of large rivers (Severnaya Dvina, Mezen′, and
Pechora). The White Sea was connected with the Gulf of Finland by a strait between
the Baltic crystalline shield and the Russian Plate. For a short time Scandinavia
became a huge island (Fig. 2.1) (Lavrova and Troitsky, 1960; Biske, 1959; Zna-
menskaya and Cheremisinova, 1962; Geomorphology and Quaternary deposits of
the north-western European part of the USSR, 1969; Lavrushin and Spiridonova,
1995). According to the available geological data, the oldest non-glacial Quaternary
deposits of the White Sea coast are the marine sediments of the Mikulino time. This
fact allows suggestion that the White Sea was originated at that time (Lavrushin

M.A. Levitan, Y.A. Lavrushin, Sedimentation History in the Arctic Ocean and Subarctic
Seas for the Last 130 kyr, Lecture Notes in Earth Sciences 118,
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Fig. 2.1 Schematic distribution map of the Karelian Interglacial sea (Biske, 1959). 1 – coast lines;
2 – sea; 3 – locations of interglacial sedimentary sections with paleontological characteristics; 4 –
locations of interglacial sedimentary sections without paleontological characteristics
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Fig. 2.2 Distribution of the interglacial boreal transgression (Lavrova and Troitsky, 1960). 1 –
marine boreal transgression waters; 2 – freshened bays; 3 – waters of Eemian transgression

and Spiridonova, 1995). The Mikulino marine sediments are also the oldest ones
in grabens filled by the Ladoga and Onega lakes and the grabens may be formed
through the early Mikulino (early Eemian) neotectonic processes (Garetsky et al.,
1999).

In the south of the East European Platform the Mikulino time is marked by liman
sedimentation during the Late Karangat transgression of the Black Sea and the Late
Khazaria transgression of the Caspian Sea.

Thus, two interrelated events took place in the Mikulino time. The intensive
neotectonic graben formation occurred at the contact of the Russian Plate and
the Baltic crystalline shield in the north and northwest of European Russia. The
origination of the recent tectonic structures coincided with the Eemian (Mginsk)
sea transgression, which essentially effected the relationship of land and sea areas
(Figs. 2.1, 2.2, 2.3).
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Fig. 2.3 Boreal sea on the Russian North (according to S.L. Troitsky (1964)). 1 – territories
covered by boreal sea during the maximal transgression; 2 – Baltic Basin during the transgression
maximum; 3 – freshened areas; 4–8 – boundaries of distribution of zoogeographic groups and
individual species of mollusks and barnacles: 4 – Lusitanian (south-boreal) species; 5 – Mactra
elliptica, 6 – Cardium edule, 7 – Pholas crispatus, 8 – Cyprina rina islandica; 9 – basins (I –
White Sea, II – Pechora, III – West Siberia, IV – Taimyr)

Genetic Types of Continental Sediments

Besides the marine sediments, many continental sequences of the Mikulino Inter-
glacial were discovered in European Russia. The most widespread are lacustrine
and boggy deposits; buried soils are abundant in the south. Alluvial and proluvial
sediments are less common.

The lacustrine-boggy sediments are characteristic of the northern and cen-
tral regions of European Russia (to the south from the sea basin). This sug-
gests a high level of ground waters, which might be caused by the sea trans-
gression. Southwards, in the present zone of forest-steppe and steppe, there are
numerous horizons of buried soils, which evidence of weak slope denudation,
and local proluvial formations. Less is known about specific features of alluvial
sediments. A deltaic sequence of the Severnaya Dvina is 70 m thick. Accumu-
lation of so thick sequence during the short-time Boreal Eemian (Mginsk) trans-
gression speaks of an avalanche sedimentation. However, at some distance from
the sea the plain river alluvium formed sequences of usual thickness and facies
relationship.

Thus, the distribution of the continental sediment types shows that the specific
feature of the Mikulino sedimentation stemmed from the high level of ground waters
in the land area was a wide bog formation.
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Marine Sediments of the Boreal Transgression in the North
of European Russia

The sediments of the Boreal transgression correlative with the Eemian one, were
distinguished by M.A. Lavrova and S.L. Troitsky (1960). They have a number of
characteristic features. The most important features are as follows.

1. The Boreal transgression was produced by two different (Arctic and Boreal
(Eemian)) water masses penetrating far into the land area. This was reflected
in mixed composition of marine biota.

2. Changes of the genetically different biotic assemblages upward the sequences
suggest an alternation of dominating water masses in the Boreal basin. Some
strata contain predominantly the Arctic fauna with single boreal forms, but oth-
ers enclose an increased amount of the latter. So, the penetration of the Arctic
waters into the land may occur in colder climatic conditions similar to the stadial
ones. The noticeable increase of the boreal forms may evidence of the intersta-
dial climate in the adjacent land. The predominance of the Lusitanian (boreal)
fauna indicates the interglacial environment as confirmed later by palynological
studies.

3. The study of some boreal marine sequences revealed that they experienced
significant glaciotectonic action. Certainly, the glacio-dislocations considerably
hamper reconstruction of the boreal sedimentation.

4. The Boreal sea sequences demonstrate distinct signs of sea level fluctuations,
which point to complicated dynamics of the transgression.

Below some sections of the Boreal transgression are described whose lithological
and biostratigraphical characteristics reflect one or several mentioned features.

The Pas’va and Koleshki sections at the Vaga River were studied by many
researchers (Devyatova, 1982; Zhuze and Poretsky, 1937; Liyvrand, 1981; Loseva,
1978; Lavrushin and Spiridonova, 1995; and others). The sediments of the Boreal
transgression lie between thin peat beds and represented by greenish-gray clay
with plant remains and shells of marine mollusks. Thickness of the sediments is
3.5–4.0 m.

According to palynological data of E.D. Lyivrand and E.A. Spiridonova, the top
of the marine strata and the overlapping peat bed correspond to a climatic optimum
of the Mikulino Interglaciation, which is reflected by the following palynological
zones (Grichuk, 1961):

M4 – zone of oak, elm and fir; the beginning of maximal abundance of alder-
tree and filbert;

M5 – zone of oak and elm with an admixture of linden and hornbeam; the end
of the maxima of filbert and alder-tree; fir maximum;

M6 – zone of fir and hornbeam.
M7 and M8 zones were established by E.A. Spiridonova (Lavrushin and Spiri-

donova, 1995) above the climatic optimum.
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Thus, the presence of the peat beds under and above the marine sediments sug-
gests a high level of ground waters in the adjacent land during both the transgressive
and regressive phases of the Boreal sea.

In the Koleshki section the eroded upper peat bed was overlain by a thin sandy
member containing molluscan shells. Its presence can evidence of repeated sea level
changes, i.e., the next transgressive phase.

The palynological zones of V1, V2, V3, V4, V5, and V6 were distinguished in the
Lower Valday strata. The overlaying Middle Valday sediments correspond to Svd1–7

zones (Spiridonova, 1983).
In these sections the Lower and Middle Valday deposits are represented by fluvial

sediments with many signs of washing out and located in the river valley, which cuts
almost across the terminal moraine ridge of the Kalinin glaciation (Map of Quater-
nary deposits of European part of the USSR and adjacent territories, 1971). Never-
theless, above the Mikulino deposits of the Pas’va section there are sediments of the
Late Volga Interstadial (V2) reflecting a predominance of thin birch-pine forest; the
birch forests became prevailing in the Late Brerup Interstadial (V4) (Lavrushin and
Spiridonova, 1995).

E.I. Devyatova (1982) reconstructed paleolandscapes of the Onega River val-
ley at the Boreal sea coast. The succession of vegetation phases are as follows:
periglacial vegetation (grass, bushes); dominating birch forests; coniferous forests
(fir, pine); mixed forests (combination of pollen maxima of broad-leaved species and
those of birch and alder) during the climatic optimum; coniferous-birch forests; fir
forests; periglacial vegetation (grass, bushes, birch) at the end of the interglaciation.

In the east, the sediments of the Boreal transgression increased in thickness up
to 60–70 m. They were recovered by drilling at the lower course of the Severnaya
Dvina River. Palynological analysis of the sequence (about 40 m) of Hole 15 near
the Lake Izhmy (Pleshivtzeva, 1972) showed the typical pattern of appearance and
culmination of the broad-leaved plants (oak – elm – filbert – hornbeam) during
the optimum of the Mikulino Interglaciation, in spite of some differences from the
southern regions. The broad-leaved species occurred as insignificant admixture in
the forest of firs and birches. The hypo-Arctic species Betula nana was associ-
ated with some thermophilic elements. Significantly, the climatic optimum of the
Mikulino Interglaciation was recorded at the depth of 90.0–76.1 m, whereas the
base of the Boreal transgression sequence was at the depth of 91.0 m.

The initial short-term phase of the Boreal transgression may proceed in cold cli-
matic conditions, which were probably formed by the cold Arctic waters penetrating
into the land.

The similar succession of vegetational phases was discovered in sections of some
other holes drilled at the lower course of the Severnaya Dvina River. The lower part
of the Boreal strata (up to 14 m) contains shells of Portlandia arctica (Gray), Yoldia
arctica Gray, Yoldia hyperborea (Loven), Macoma calcarea (Chemn.). Sediments
of the climatic optimum recovered at the lower course of Severnaya Dvina and in
the Mezen and Pezy river valleys enclose Arctic-boreal (to 50%) and boreal (to
30%) molluscan species, Arctic forms are single. The prevailing boreal species are
Carbula gibba Olivi, Cardium echinatum L., Cardium paucicostatum Beck, Mactra
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elliptica B., Cyptina islandica L., Panopea norvegica Speng., Buccinum undatum
L., Littorina littorea (L.), Nucella lapillus (L.).The most frequent boreal-Lusitanian
element is Cardium edule L. Analogous but thicker walled shells were found in the
coastal sandy-gravel-pebble deposits.

The described assemblages reflect only one of the regressive phases of the Boreal
sea. The high-Arctic thick-walled species Serripes grönlandicus (Chemn.) was
found in brownish-gray sandy loams of the Peza River outcrop (near the Bychie
Village), which overlie coastal-marine sediments enclosing mollusks of the climatic
optimum. Occurrence of this form most likely indicates a short-term penetration of
the Arctic waters into the land and related cooling. Palynological data indicates a
predominance of northern taiga in the coasts at that time (Geology of Quaternary
deposits of the north-western European part of the USSR, 1967). Special investi-
gations and geological mapping in the Mezen and Peza valleys revealed that the
maximal level of the Boreal transgression approached the present-day hypsomet-
ric mark of approximately 100 m. The lithofacies composition reflects repeated sea
level fluctuations and changes of sedimentation regime.

To the northwest, in the Kola Peninsula, the sediments of the Boreal transgression
called Ponoy Layers were recognized in outcrops at the Varzuga, Chapoma and
Panoy rivers, and in cliffs of the Svyatonossk Bay.

The Ponoy Layers are represented by loams and clays (up to 9.5 m) varying in
color from black to light gray and containing abundant marine mollusks (Table 2.1)
as well as foraminifers and diatoms (Gudina and Yevzerov, 1973; Cheremisinova,
1952; Lavrov, 1960).

According to V.I. Gudina, the foraminiferal assemblage is composed by
“Lusitanian, boreal, Arctic-boreal, boreal-Arctic and Arctic forms. Boreal and
Arctic-boreal species are prevailing. Lusitanian and boreal-Lusitanian forms: Lenti-
culina orbicularis, Amphicoryna scalaris f. compacta, Globulina inaequalis, Gut-
tulina lactea, Sigmomorphina undulosa, Fissurina latistoma, Discorbis punctulatus,
Gavelinopsis praegeri, Rosalina globularis, Hyalinea balthica, Elphidium exca-
vatum, Trifarina angulosa (12 species or 15% of the assemblage); boreal forms:
Pyrgo williamsoni, Lagena gracillima, L. semilineata, L. sulcata, Polymorphina
novangliae, Oolina hexagona, Buccella troitzkyi, Paromalina bilateralis, Elphid-
ium boreale, Bulimina aculeata, Bolivina pseudoplicata, Cassidulina laevigata,
etc. (23 species or 28.5%); Arctic-boreal forms: Quinqueloculina arctica, Pate-
oris hauerinoides, Lagena apiopleura, Oolina globosa, Fissurina laevigata, F. latis-
toma, F. marginata, F. serrata, Eponides wrightii, Cibicides rotundatus, Astronon-
ion gallowayi, Nonionella auricula, Bolivina pseudopunctata, etc. (18 species
or 22%). Warm-water species (Lusitanian, boreal-Lusitanian, boreal and Arctic-
boreal) compose 65.5% of the assemblage (53 species). Cold-water elements (Arc-
tic and boreal-Arctic species) are in subordinate amount (26%). The boreal-Arctic
species: Quinqueloculina borea, Tappanella arctica, Buccella inusitata, Nonionel-
lina labradorica, Cribroelphidium granatum, Cr. goesi, Elphidiella arctica, Glo-
bigerina pachyderma, Cassidulina subacuta, Islandiella islandica, etc. (11 species
or 14%); the Arctic species: Dentalina baggi, D. frobisherensis, D. ittai, Globu-
lina glacialis, Buccella hannai arctica, Patellina corrugata, Cribrononion obscurus,
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Protelphidium orbiculare, etc. (10 species or 12%). Unidentified species amount
to about 10%. Thus, the assemblage is mainly constituted by moderate-cold-water
species (50.5% of boreal and Arctic-boreal forms) with the significant portion of
warm-water elements (15% of Lusitanian and boreal-Lusitanian forms). Such com-
position indicates a boreal character of the assemblage. The enclosing sediments
were accumulated predominantly in the lower sublittoral zone of the open sea chara-
cterized by normal oceanic salinity and positive bottom temperatures” (Gudina and
Yevzerov, 1973; pp. 52–54).

Now the general situation in the eastern regions, in particular, at the lower course
of the Pechora River, should be considered. The section called Vas’tyansky Kon’
was studied by many researchers and described in literature (Gol’bert et al., 1973;
Lavrova, 1949a; Lavrova and Troitsky, 1960; Popov, 1963; Troitsky, 1964, 1966;
Epstein, 1990; and others). This section is of interest due to specific features of
structure and morphology. First, it is characterized by glacial dislocations. Second,
along with the Mikulino marine sediments, the Middle Valday alluvial and alluvial-
deltaic deposits are exposed above the Pechora shoreline. Third, the section cuts the
terminal moraine of the last glaciation along its strike.

S.L. Troitsky suggested that the alluvial sandy sequence of the middle part of the
section had been transformed by glacial thrusts into blocks separated by moraine
loam interbeds (Gol’bert et al., 1973). The lower marine sequence of dark gray
clay seems to experience essential glaciotectonic action as well. This action was
pronounced in breccia-like structure of the clays with gliding planes and, as it
will be shown below, glacial thrusts. A.V. Gol’bert with co-authors (1973) subdi-
vided the clayey sequence into three members. At the base of Member 1 there is
a block of till 1 × 1.5 m in size; its basal interbed 3–4 cm thick includes abun-
dant thin-walled shells. Granulometric changes are observed upward Member I
due to an increase of silt material. The clays (about 8 m) contain a cold-water
boreal-Arctic assemblage of marine bivalves. According to V.I. Gudina, the mol-
lusks were associated with foraminifers; the Arctic species Elphidium subclava-
tum being most abundant (64%). The foraminiferal assemblage was the Arctic deep
water (depth of 150–200 m) one, which lived at temperatures 0 ± +1◦C. A boreal-
Arctic foraminiferal assemblage was found higher up the section.

Member 2 consists of four thin interbeds of fine-grained sands enclosing
sandy-clayey balls. Signs of local gaps and erosion of the top are observed. The
authors (Gol’bert et al., 1973) united Members 1 and 2 into a single sedimen-
tation cycle. This interpretation does not seem confident. Member 2 contains no
molluscan shells, but a noticeable amount of foraminifers, which form, accord-
ing to V.I. Gudina, a boreal-Arctic assemblage including euryhaline forms, elfides
and nonionides. The presence of warm-water and shallow-water discorbis, non-
iones, buccella is explained by a small depth of the basin and proximity of
the delta. According to the microfaunal data, depth of the basin was less than
50 m, salinity did not exceed 30–32%, and temperature of bottom waters was +2
or +3◦C.

Overlying Member 3 was subdivided into three parts (3a, 3b, 3c) (Gol’bert et al.,
1973).
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Table 2.2 Chronostratigraphy and vegetation of the North-Eastern European part of Russia in the
late Neopleistocene (according to [Lavrov, Potapenko, 2005])



24 2 Late Pleistocene Geologic-Paleoecological Events

Member 3a is composed by coarse-grained sand with gravel, pebbles, small
boulders, and lenses of coquina. Among the mollusk shells S.L. Troitsky identi-
fied boreal, predominantly boreal, Arctic-boreal and Arctic species. A.V. Gol’bert
et al. (1973) noted on allochthonous occurrence of the thanatocenosis, which com-
bines biotic elements from different depths and sedimentation environments. They
explain this combination by sedimentation processes but it may be also caused by
glaciotectonic events.

Member 3a yielded four new species of foraminifers, three of which are boreal
and one (E. subclavatum) is Arctic (Gol’bert et al., 1973). The first appearance of
Quinqueloculina oviformis known from the Kazantsev sediments of West Siberia
indicates the Late Pleistocene age of this member. As a whole, the foraminiferal
assemblage can be described as Arctic-boreal. Depth of the basin was less than
20 m, salinity 30–32‰, and temperature of bottom waters +2 or +3◦C. Thickness
of Member 3a is approximately 0.2 m.

Member 3b is represented by unsorted loam similar to till. Its thickness is about
0.2 m. There are no mollusks. Foraminiferal assemblage includes Arctic-boreal
species from Members 3a and 3c (Gol’bert et al., 1973).

Member 3c is gray clay. A molluscan assemblage characteristic of the middle
sublittoral zone is succeeded by biocenosis of middle and lower sublittoral zones
and then by a deep-water assemblage. A foraminiferal assemblage also indicates
the basinal deepening down to 150–200 m. The assemblage has some specific fea-
tures. According to V.I. Gudina (Gol’bert et al., 1973), elfidides are prevailing forms
(60–80%), and Cassidulina subacata occurs most frequently in the middle part of
the member. Arctic-boreal species show maximal abundance. In general, the assem-
blage suggests a considerable increase of water and air temperature, which confirms
a conclusion on the Mikulino age and boreal origin of the foraminifers. Thickness
of Member 3c is approximately 7–8 m.

Let us summarize the data on the marine clayey sequence subdivided by interbeds
of predominantly sandy material (Members 2 and 3a) into two units. It is a common
opinion of all those, who studied the Vast′yansky Kon’ section, that the units corre-
spond to the regressive stage of the Boreal sea. In other words, their accumulation
was attributed to the sedimentation factor related to sea level fluctuations. Our inves-
tigations revealed that the two-unit structure of the sequence was mainly resulted
from glaciotectonic activities. In the Vast′yansky Kon’ section the clayey sequence
is well exposed in the frontal part of an embankment facing the Pechora course. In
the lateral part of the embankment sandy Members 2 and 3a are dipping at 45◦ to the
north-north-east (dipping azimuth is 10◦). This allows supposition that the sandy (or
sandy gravel) sediments with marine shells were brought by glacial thrust into the
middle part of the sequence. Initially they lay under the clays and were a coastal-
marine facies. Thus, the clayey sequence acquired the two-unit structure because of
the glaciotectonic activities. The breccia-like texture of the clays and gliding planes
can be also explained by the same activities.

The marine clayey deposits are overlain by the thick sequence of predominantly
sandy alluvial sediments. At its base there is a unit of sand enclosing shells of boreal
mollusks, which was previously considered by many (including us) to be accu-
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mulated during the regressive phase of the Boreal transgression (Zarkhidze et al.,
1970). However, the occurrence of reindeer bones in the unit has not been taken into
consideration. Ferruginous sandy pebbled sediments of the pra-Pechora midstream
alluviual facies were described from the base of the unit. In general, the entire
alluvial sequence is subdivided by numerous glacial thrusts into separate scales,
thus complicating the structure of the terminal moraine ridge. Therefore it can be
assumed that the sandy unit with the marine mollusks represents also the coastal-
marine sediments of the transgressive phase of the Boreal transgression, which were
brought by steeply dipping glacial thrusts, as convincingly shown by A.V. Gol’bert
et al., (1973). Our investigations confirmed S.L. Troitsky’s opinion that the scales
appeared as a result of subdividing the sandy sequence by glacial thrusts, which
brought the till interbeds into the bases of blocks (Gol’bert et al., 1973). Later
slightly differing ideas on the glaciotectonic origin of the Vast’yansky Kon’ Ridge
were published by O.G. Epstein (1990), A.S. Lavrov and L.M. Potapenko (2005).
The total thickness of the deformed alluvial formation varies in outcrops from 35 to
50 m.

Granulometric analysis of the sandy sequence showed that sands were well
sorted, predominantly fine-grained (fraction of 0.1–0.25 mm constitutes 80%);
amount of coarse silt varies from 1.2 to 30% at the absence of clay and fine silt
fractions. More silt was discovered near the alluvial peat interbeds.

According to A.V. Gol’bert et al. (1973), mineral composition of the sands is per-
sistently uniform: ilmenite and magnetite – 30–33%, amphiboles – 8–10%, garnet –
12%, tourmaline – 1–2%, zircon – 4–5%.

The mineral composition of the sandy sequences differs from that of the under-
lying marine clays. The latter contain less ilmenite, magnetite, zircon, garnet, rutile,
but more amphiboles and minerals of epidote-zoisite group.

A specific feature of the sandy sequence is the presence of allochthonous
sandy-peaty lenses, which allow the radiocarbon dating. Previously the lenses
were dated by V.L. Yakhimovich by the radiocarbon method. Five dates have
been obtained. The oldest date (11 m above the lower boundary of the sandy
sequence) is 29470±450 (Bash GI-7), and the youngest one (30 m above the allu-
vium base) is 24790±500 (Bash GI-8). Later the radiocarbon dating of several peat
samples yielded the out-of-limit ages: ≥47910 (LU-1491), ≥48040 (LU-1487),
≥48050 (LU-1484), ≥52120 (LU-1481), ≥53690 (LU-372), although one date
(42560±1080 – LU-1489) was final. There are different but final estimations of
age of the mammoth incisor from the sandy sequence 32440±850 (LU-3973) and
39000±850 (T-13200). The data published by J. Mangerud et al. (1999) cannot pro-
vide accurate dating of the sequence. The express mass spectrometry yielded out-
of-limits dates for majority of samples, whereas final radiocarbon dates were from
31.6 to 43.1 ka.

The TL and OSL methods provided considerably different dates for the
sandy sequence: 30000±3000 (TL); 26000±3000, 25000±2000, 27000±3000 and
66000±7000 (OSL) (Tveranger et al., 1995). Dates obtained by the OSL method
in another laboratory appeared to be considerably older (63±5, 62±5 i 58±7 ka)
(Mangerud et al., 1999). These dates were close to one of those published by
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J. Tveranger. This, however, did not make the obtained age more reliable. Nev-
ertheless, basing on a number of final radiocarbon dates A.S. Lavrov and L.M.
Potapenko (2005) referred these sediments to the early Middle Valday (Table 2.2).
They explained inaccurate radiocarbon dates for the plant remains by allochtonous
occurrence of the latter as a result of reworking of different-aged peats during the
accumulation of the sandy sequence. Therefore taking into consideration the final
dates (except for evidently younger dates obtained in the Bashkirian laboratory), we
can agree with A.S. Lavrov and L.M. Potapenko (2005), who inferred the early Mid-
dle Valday age of the sandy sequence from careful studies of sections in the north of
European Russia, their correlations and geological mapping. It is necessary to keep
in mind that the youngest date (31.6 ka) as well as the visible part of the alluvium
sequence does not reflect the final phase of the deposition. Undoubtedly, the upper
part was cut off and assimilated by the overlying Upper Pleistocene moraine, as evi-
denced by the presence of alluvial outliers in it. The latter is of significance because
it definitely indicates shifts of the glacial sheet edge during the formation of the
Vast’yansky Kon’ terminal moraine. This conclusion is supported by the presence
of till brought with glacial thrusts and by the mentioned analogous glaciotectonic
features of the Boreal sea sequences.

Summing up the preliminary notes on the Boreal transgressive deposits, it should
be added that no thorough palynological studies have been conducted in the Pechora
Lowland in contrast to the western areas and therefore climate variations during
the Boreal transgression have not been studied well. In this respect, the mentioned
microfaunistic studies of V.I. Gudina seem to be very promising. They show small
changes in the foraminiferal assemblages under an alternating effect of the high
Arctic and boreal waters. Certainly, the water changes also influenced climatic con-
ditions, but they cannot be directly correlated with the Upper Pleistocene stadials
and interstadials.

In the stratigraphic scheme of the northeast of European Russia the Boreal trans-
gressive sediments and contemporaneous continental deposits are united into the
Sulina Horizon (Andreicheva, 2002). The Sulina alluvium reflects one climatic opti-
mum and two maxima of coniferous species. During the climatic optimum there
was the southern taiga where Picea, Pinus silvestris, Betula sect. Albae, Alnus were
associated with single Quereus, Ulmus, Corylus, Tilia, Carpinus (Duryagina and
Konovalenko, 1993).

It should be noted that most of the radiocarbon dates for the Vast’yanskiy Kon’
alluvium indicate its intensive redeposition. Therefore results of previous palyno-
logical studies are ambiguous. Of interest is another Late Pleistocene chronostrati-
graphic scheme for the northeast of European Russia (Lavrov and Potapenko, 2005),
which shows climatic and vegetation changes during the interval of 52–30 ka ago
(Table 2.2). The scheme presents a complex dynamics of landscapes and glacial
events during the Middle Valday, although being inconsistent with some available
dates for individual sections. This fact is not of critical importance at the present
stage of investigations. An attempt to produce such generalization is very useful
and can serve as a base for developing a refined scale of the Late Pleistocene events
in the north of European Russia.
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Noteworthy is that the Kalinin glaciation in this region was not described in the
summarizations (Lavrov and Potapenko, 2005; Andreicheva, 2002), although con-
siderable cooling was reported by these authors. L.N. Andreicheva (2002) described
the periglacial sediments of the Kalinin glaciation without indicating distribution of
the glacial sediments.

A moraine of the Early Valday (Kalinin) Glacial (MIS 5b) was recovered in quar-
ries of the Kola Peninsula and core sections of bore holes in the northern piedmont
of the Lovozero Mountains. Unfortunately, there is no reliable data to outline even
approximately the area of this glaciation.

Some signs of the Early Valday (MIS 4) glacial sheet were found in the Sokli
Massif of northern Finland near the Russian boundary, but its limits are still
unknown.

The scheme of L.N. Andreicheva (2002) shows seven climatic phases in the Mid-
dle Valday (the Byzov Stage, 48–33 ka ago), which correspond to variations in the
landscape development (Duryagina and Konovalenko, 1993). At the initial phase
(BzI) dominating hypo-Arctic mesophytes typical of the present-time tundra were
associated with the Arctic and Arctic-Alpine species as well as steppe xerophytes.
There were also dark-coniferous-taiga associations and elements of periglacial
vegetation. The climate was cold and arid. The radiocarbon date for this phase is
about 48000 (Andreicheva, 2002).

The phase of early warming (BzII) was characterized by dark-coniferous-taiga
and boron vegetation in combination with birch and fir woods. A landscape was of
northern taiga type, with fir and birch sparse growths. Sedges and cereals prevailed
in the grassy cover. The time range of this phase is estimated as 47–45 ka ago.

The phase of early cooling (BzIII) was similar in vegetation to phase BzI. Shrub
and grass associations dominated, but boggy-tundra associations with xerophytic
communities were spread widely. The climate was more humid.

In the middle warming phase (BzIV) northern taiga forests prevailed in the north
of the region and fir and pine forests in the south. Many cereals and different grasses.

The phase of late cooling (BzV) is similar to phase BzIII.
The phase of late warming (BzVI) was characterized by prevailence of northern

taiga forests. It is estimated to range 42500–38000 (Andreicheva, 2002).
In the terminal phase of sharp cooling (BzVII) there were open landscapes with

elements of periglacial flora and small islands of rare birch forests.
These climatic rhythms reflect an attempt to develop the Middle Valday cli-

matostratigraphy of the northeast of European Russia. It is quite clear that so called
terminal cooling phase of the Byzov time is not the last one. In the range from 38000
to 23000 there were several more climatic rhythms which appeared to be of global
significance. However, the above publications mentioned nothing about them. This
means that either the climatostratigraphic units do not reflect a complete pattern of
climatic variations or the radiocarbon dates for some units are in disagreement with
palynological data.

In general, the Middle Valday scheme of A.S. Lavrov, L.M. Potapenko is not well
agreed with that of L.N. Andreicheva. Nevertheless, a direction of further investiga-
tions has been outlined.
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In the north of European Russia a marine transgression of the Middle Valday
terminated at about 35 ka (Lavrushin and Epstein, 2001). A cliff of the Madakha
River (the Kanin Peninsula) exposes two coastal-marine sequences separated by a
peat interbed. The radiocarbon age of the latter is 42 ka. This structure fixed a short-
term regression of the Middle Valday sea and, at least, two transgressive phases of
the Barents Sea. The second phase was about 7 ka long. In the Kolguyev Island
sediments of the same transgression are overlain by a moraine of the last glaciation.
They are represented by deltaic deposits in the coasts of the Kolakolkov Inlet and

Fig. 2.4 Extension of the Late Valday Ice Sheet during the deglaciation (Lavrov and Potapenko,
2005), simplified. A – Barents Sea-Novaya Zemlya-Kara Sea Ice Sheet. I–IX – lobes: I – Kozhvin-
skaya; II – Lyzhskaya; III – Laisko-Izhemskaya; IV – Pechorskaya; V – Kolvinskaya; VI – Mal-
ozemel’skaya; VII – Bol’shezemel’skaya; VIII – Kuloisko-Mezenskaya; IX – Chöshskaya. B –
Scandinavian Ice Sheet. I–V – lobes: I – Verkhnemezenskaya; II – Vashskaya; III – Pinezhskaya;
IV – Severodvinskaya; V – Vazhskaya
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the Bolvansky Nose Cape and by alluvial and alluvial-lacustrine sediments upstream
the Pechora River (Lavrushin and Epstein, 2001).

Finally, some short-time geological events of the terminal Late Pleistocene
(Ostashkov) Glacial should be mentioned. The QUEEN project results cast doubts
upon previous views on limits of the last glaciation in the north of European Rus-
sia. The doubts appeared from numerous dates obtained by different methods for
fossiliferous sediments underlying the relief-forming moraine. Analysis of these
dates by A.S. Lavrov and L.M. Potapenko (2005) convincingly showed that there
were no reasons to revise the existing views on the last glaciation limits (Fig. 2.4).
So, it is unlikely expedient to discuss this problem herein. Another moment is of
greater importance. During the last glaciation, as well as the previous ones, the
Arctic shelf basins disappeared almost entirely because of sea level fall. In the
remaining deepest parts of the basins there may be some bays ”sealed up” by the
glacier ice. The relationship between land and sea areas essentially changed due to a
noticeable enlargement of the former. Large ice-dammed basins appeared in valleys
of the north-flowing rivers. At the final phase of the last glaciation (Late Glacial
Maximum) the accumulated water masses run off from the basins. An intensive
glacioeustatic transgression contributed to the process by destroying the ice cover
and greatly accelerating the deglaciation. These are main differences in the process
of deglaciation between the glacial paleoshelves and adjacent land.

One more problem of the Late Pleistocene glacial history in the north of Euro-
pean Russia remains unsolved. It concerns the Kalinin Glaciation correlative to the
Zyryan Glaciation of West Siberia.



Chapter 3
Main Geologic-Paleoecological Events
of the Late Pleistocene in the North
of Western Siberia

The major geological and paleoecological events of the Late Pleistocene in the
north of West Siberia are two glaciations (Yermak (Zyryan) and Sartan) and three
transgressions (Kazantsev, Kargin and post-glacial) (Arkhipov, 2000) (Fig. 3.1). As
stated above, the Kazantsev transgression is correlated with the Eemian transgres-
sion of West Europe and MIS 5e (Troitsky, 1966; Gudina, 1976; Arkhipov, 1997,
2000). The Kazantsev Horizon lies on erosional surface of the Sanchug marine
sequence and the Tazov moraine (Troitsky, 1969). It is composed of alternating
sand, silt and clays (40–50 m) (Arkhipov et al., 1992).

The horizon encloses Arctic-boreal and boreal assemblages of foraminifers
and mollusks. The foraminiferal assemblage includes warm-water, boreal and
Arctic-boreal (56%) and cold-water, boreal-Arctic and Arctic (over 27%) forms
(Gudina, 1976; Levchuk, 1984). The dominating warm-water species are Retroel-
phidium atlanticum, R. boreale, R. propinquum, Haynesina magna, H. orbicularis,
H. asterotuberculata, Cassandra helenae, Cassidulina reniformis, Cribroelphidium
granatum. The former four species are characteristic of the Kazantsev beds, but
Retroelphidium boreale, R. hyalinum, R. williamsoni, Elphidiella arctica, Discor-
bis deplanatus, Quinqueloqulina agglutinata, Q. oviformis, Q. deplanata, Pyrulina
cylindroides were found nowhere else.

Distribution of the Kazantsev glaciation and other important geological–
paleoecological processes in the north of West Siberia and in the North Siberian
Lowland is shown in Fig. 2.3. A fragment of the Late Pleistocene stratigraphic scale
for the northern regions of West Siberia is presented in Table 3.1.

As seen in this table, the Kazantsev Horizon is overlain by the Yermak Hori-
zon. In the Salekhard area, the Yermak moraine (correlated with MIS 5d) lie above
the Kazantsev deposits and under the lower Kargin (Kharsoim) beds. At the lower
course of the Ob’ River a key hole recovered the Kormuzhikhan glacial and aqueo-
glacial sediments of the Yermak Horizon. Higher up the section, the Bogdashin
Beds were recognized; their stratotype being in the southern margin of the Belo-
gorskaya Upland. The Bogdashin Beds are represented by lacustrine loamy-silt sed-
iments with three peat interbeds. Two upper interbeds are united into so called Upper
Peat up to 2 m thick. The Lower Peat is also up to 2 m thick. The Lower and
Upper Peats are separated by a silt interbed 0.9–1.1 m thick. According to palyno-
logical data, climatic conditions of that time were similar to the present-day ones.
This allowed the peat interbeds to be correlated to the Ammersfort and Odderade

M.A. Levitan, Y.A. Lavrushin, Sedimentation History in the Arctic Ocean and Subarctic
Seas for the Last 130 kyr, Lecture Notes in Earth Sciences 118,
DOI 10.1007/978-3-642-00288-5 3, C© Springer-Verlag Berlin Heidelberg 2009
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Fig. 3.1 Paleogeographic scheme of glaciation and marine transgression boundaries in northern
West Siberia and the North Siberian Lowland during the Late Pleistocene (Arkhipov, 2000). 1 –
Kazantzev Sea (MIS 5e); 2 – Kargin Sea (MIS 3.1 and 3.3); 3 – location of sediments: a – well
studied Kazantzev sediments; b – Kargin sediments; 4 – boundary of Sartan Glaciation (MIS 2);
5 – Lokhpodgort motions (MIS 3.2); 6 – boundary of Yermak Glaciation (MIS 4)

Interstadials. The Bogdashin Beds are overlain by the Khoshgort glacial sediments,
which are also exposed in the valley of the lower Ob River and the Salekhard lakes
area. The Khoshgor Subhorizon consists of a moraine and varved clays.

At the lower course of the Yenisei River as well as at the Ob’ lower course higher
the Polar Circle the Yermak glacial deposits form undivided sequences. To the south
of the both areas two stadial moraines can be observed (Arkhipov, 1997).

In conclusion of description of the Yermak (lower Zyryan) Horizon two debat-
able points should be noted. First, the geochronology of the events is based on unre-
liable TL dates. The unreliability of the TL method is aggravated by absence of
statistics and usage of single dates.

Second, correlations of the glacial deposits to the isotopic stages and substages
of the oceanic scale. The correlation of the Kormuzhikhan moraine to MIS 5d and
the Khoshgort moraine to MIS 4 seems incorrect, and hence, the assignment of the
latter moraine to the Yermak Horizon is unproved. Sometimes MIS 5d is correlated
to the Kalinin glaciation of European Russia and MIS 4 is usually correlated by
the West European researchers (in terms of the Russian stratigraphic terminology)
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to a glaciation in the interval between the Early and Middle Valday (in our opin-
ion, the Kalinin glaciation corresponds to MIS 4). If these correlations are correct,
the sequences of these two glaciations cannot be united into a single horizon. In this
case the Yermak Horizon should be ranked as a superhorizon and the Kormuzhikhan
and Khoshgort glacial complexes as horizons. However, if the existing correlations
are true, these complexes should be considered to represent two independent glacia-
tions of different age. The presence of the single moraine to the north of the Arctic
Circle cannot serve as a confident argument because no genetical-structural stud-
ies have been performed. We can only refer to three successive moraines exposed
at the town of Uglich and differing from each other in color, long axes orientation
of boulders, and partially lithological composition. A detailed analysis of moraine
structure is difficult without special investigations even by using enough core
output.

So, a conclusion is apparent that the lower part of the post-Kazantsev sequence
has not been adequately studied.

An age of the Kargin sediments is estimated within the interval from 55 (50?) to
23–22 ka ago. In terms of climatostratigraphy, the Kargin time is considered to be an
interglacial or mega-interstadial. At that time marine, alluvial, and lacustrine-glacial
sediments were accumulated (Table 3.2).

The Kargin Horizon is subdivided into three subhorizons represented by (1) the
lower Kargin (61.4(56.7)–47.8(45.5) ka) and Kharsoim (>40–36.4±08 ka) beds;
(2) the Lokhpodgort–Kyzym–Konoshchel glacial and lacustrine-glacial sediments;
(3) the upper Kargin marine and alluvial sediments (28.6–25.9 ka). Thus, in West
Siberia the Kargin sediments also reflect two transgressive phases, which were sepa-
rated by a regression marked by significant cooling of the Lokhpodgort Stadial. Two
transgressive phases of the Kargin basin were recorded in a single section of the
Kanin Peninsula, the north of European Russia, in opposite to several sections of
West Siberia (see Fig. 2.3).

L.K. Levchuk (1984) found three assemblages of foraminifers in the Kargin
marine sediments. The Early Kargin (boreal-Arctic) assemblage corresponds to the
beginning of the transgression. The Malokhet (boreal in the deep-water facies and
Arctic-boreal in the shoals) assemblage relates to the maximum of the transgres-
sion, which preceded the Lokhpodgort glacier retreat. The Late Kargin (Lipov-
Novoselov) assemblage corresponds to the termination of the transgression. V.I.
Gudina (1976) correlated it with the Kharsoim and Kanin assemblages.

The Kharsoim (Lower Kargin) Subhorizon is a sequence of clay, silt, and sand
(5–7 to 30 m) with Arctic and boreal-Arctic foraminifers Protelphidium orbiculare
(Brady), Cribroelphidium goesi (Stsaedr.), C. granata (Gud.), Elphidiella arctica
(Cushm), E. gröenlandica (Cushm) (Gudina, 1976). Allochthonous plant fossils of
the Kharsoim clays yielded two radiocarbon dates: 36.4±8 ka and older than 40 ka.

A similar foraminiferal assemblage was discovered in local exposures at the
Nadoyakha River (Yamal Peninsula, dated as >47170 (LU-1045)), along the eastern
coast of the Ob’ Inlet, and at the Messoyakha River (Gydan Peninsula), where they
are overlain by glacial-type sediments: sandy loams with pebbles, gravel and shell
fragments (Levchuk, 1984).
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Table 3.1 Chronostratigraphy of the late Pleistocene geological events of the northern West
Siberia plain (according to [Arkhipov, 1997])
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Age of marine molluscan shells from the Lower Kargin beds (with the synony-
mous assemblage of foraminifers) of the Pasadochnaya River valley (Taimyr) was
determined by the EPR method at the Cologne University of Germany. It appeared to
be 72.3 ka (at the base) and 49.6 ka (at the top). Mollusks from the Kanin Peninsula
(the Barents Sea) were dated as 54.7, 51.3, 47.4 and 46.5 ka (the specimens were
given by V.S. Zarkhidze). Shells from the October Revolution Islands of the Arctic
were dated as 52 ka (Molodkov et al., 1992). The age determinations of these speci-
mens were also performed by the same method in the Geological Institute of Tallinn
(Estonia). The specimens from one section were dated as 56±4.2 ka and 68±7 ka
(according to 14C dating, 51540±430 ka), whereas those from the other section were
dated as follows: the dates of 52±4, 66±6 and 65±8.7 ka (by the EPR method) were
obtained for the mollusks from the basal marine beds and 45550±230 ka (by the 14C
studies) for the forms from the top of these beds. According to the 14C dating, the
Lower Kargin marine beds correspond to the early Middle Valday.

At the lower course of the Yenisey River the Kargin marine sediments were reco-
gnized only near the Vorontsovo Settlement, where they are represented by sands
and silts with the Malokhet assemblage of foraminifers. They are overlain by the
Sartan moraine and fluvioglacial sediments.

The data obtained recently enabled S.A. Arkhipov (2000) to establish a chrono-
logical succession of geological events during the Kargin interval of the Late Pleis-
tocene (Table 3.2).

Owing to the refined subdivision of the Kargin sequence five substages of MIS
3 were distinguished. The substages are numbered from 3a to 3e from the top
downwards. Substage 3a corresponds to the Late Kargin–Lipovsk–Novoselovsk–
Late Lobanov warming; Substage 3b is related to the Lokhpodgort–Konoshchel
Glaciation (cooling); Substage 3c is correlated with the Middle Kargin warming;
Substage 3d is correlated with a short-term cooling; and Substage 3e corresponds
to the Early Kargin warming (Arkhipov, 2000). Although the correlations with the
oceanic oxygen-isotope scale are formal and insufficiently substantiated, they can
provide a base of future studies in this direction.

Formation of the glacial Sartan Horizon is the latest of the main geological and
paleoecological events of the Late Pleistocene. The Sartan Horizon consists of the
glacial sequence of the same name, lacustrine-glacial, dammed lacustrine marine
ingressive sediments, and river terraces. All the listed formations are indicators of
the geological and paleoecological events. So, the Gydan (Salekhard-Ural) termi-
nal moraine ridge (20–18 ka ago) marks the maximal limit of the Sartan glaciation.
The Nyapan (Sopkey) (15–13 ka ago) and Norilsk (the Polar Urals) (11.5–10.4 ka
ago) moraines are those of recession. The sediments of dammed lakes suggest
that the north-flowing rivers were closed by the ice sheets. The ingressive marine
sediments reflect the Late Glacial transgression, sediments which include banks
with Portlandia arctica and river terraces formed during of its regressive phase
(Arkhipov, 2000).



Chapter 4
Geologic-Paleoecological Events of the Late
Pleistocene in the Northern-Siberian Lowland
and Taimyr Peninsula

As in the other parts of Russia, the Upper Pleistocene succession of the North
Siberian Lowland begins with the Kazantsev deposits which are represented there by
different facies of marine and lacustrine-alluvial sediments. These are sands, silts,
clays showing cross bedding of different type, frequently rhythmical one (Anthro-
pogen of Taymyr, 1982). The Kazantsev sediments are 40 m thick and overlain by a
moraine of the Early Zyryan (Yermak) Glaciation. Different glacial dislocations are
frequently observed.

Marine mollusks occur in abundance. Their assemblage includes 41 Arctic,
boreal and boreal-Arctic species approximately in equal proportions. The boreal
species, such as Mytilus edulis Linné, Macoma baltica (Linné), Cyrtodaria jenis-
seae (Aachs), Astarte invicata Merclin et Petrov, Astarte leffingwelli Dall, are index-
species. Hiatella arctica (Linné), Macoma calcarea (Gmelin), Astarte montagui
(Dill.), A. montagui striata Leach., A. borealis (Schum.), Mya truncata truncata
Linné are widespread.

The molluscan analysis shows that the Kazantsev sea was an open basin of small
depth (within the upper-middle sublittoral zone) and probably lower salinity. From
the northeast to the southwest the fauna became more diverse owing to increasing
influence of the western warm waters.

The foraminiferal assemblage from the Kazantsev sediments of the North
Siberian Lowland (Levchuk, 1984) was briefly described in the previous chapter.

Palynological studies of the marine and continental Kazantsev sediments of the
North Siberian Lowland suggest that the climate was warmer than in nowadays
(Anthropogen of Taymyr, 1982).

The Lower Zyryan (Yermak) glacial deposits of the North Siberian Lowland are
called the Muruktin sediments. They include the North Siberian Beds of the first
stage of the glaciation (the beginning and maximal advance), the Yantardakh Beds
of the beginning of deglaciation, and the North Kokor Beds representing the basal
moraine and the marginal deposits of the second stage of the glaciation. The distri-
bution of the listed beds is shown in Fig. 4.1.

The North Siberian Beds are a basal moraine composed of boulder loams and
sandy loams up to 40 m thick. Differences in the boulder composition allowed estab-
lishing the Taimyr, Putoran, and Anabar petrographical provinces in the eastern part
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Fig. 4.1 Main elements of the Taimyr glacial morpho-sculpture (Anthropogen of Taimyr, 1982).
(Muruktinian Glaciation, North Siberian Stage): 1 – moraine swells: a – pressure moraines;
b – bulkload moraines; 2–3 – deglaciation time for Muructinian Ice Cover: 2 – fracture-kame
swells and elevated massifs; 3 – kame terraces; Severokokorskaya Stage: 4 – pressure-bulkload
marginal features; 5 – sag-and-swell topography of the “dead” ice fields; 6 – kame terraces;
7 – rises of interlobe massifs; 8 – inter-tongue massifs; 9–12 – Sartanian Glaciation, Karau-
lian Phase: 9 – pressure-bulkload marginal features; 10 – rises of interlobe massifs; 11 – inter-
tongue massifs; 12 – kame terraces; 13 – N’yapanskaya Phase: a – marginal pressure-bulkload
and bulkload features, b – intertongue massifs; 14 – Noril’skaya Phase: bulkload marginal fea-
tures in the foothill of Putoran Plateau; 15–21 – elements of glacial morpho-sculpture deciphered
at radiolocation images on the Northern Taimyr: 15 – proposed marginal glacial features on the
north of Taimyr; 16 – crests of proposed end-moraine swells; 17 – areas of hilly topography;
18 – areas covered by thick sequence of questionable glacial deposits; 19 – areas with traces of
glacial exaration, partly covered by questionable glacial deposits; 20 – areas not covered by loose
deposits but with clear traces of exaration treatment; 21 – areas without clear exaration traces
but with erratics on the surface; 22 – crests of end-moraine swells; 23 – troughs; 24 – rises of
North Siberian Lowland composed from hard rock and possibly were not covered by ice; 25
– north-western Taimyr with only valley-net glaciation in the Late Pleistocene; 26 – bottom of
glacial depressions with marine, lacustrine and partially fluvial sediments; 27 – profile lines; 28 –
glacier swells: I – Urdakhskaya; II – Sakshsinskaya; III – Severokokorskaya; IV – Dzhangodskaya;
V – Syntabul’skaya; VI – Bai-kuranerskaya; VII – Mokorittskie; VIII – Upper Taimyr; IX – North
Taimyr; X – N’yapanskaya
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of the North Siberian Lowland (Fig. 4.2). Analysis of the clastic material showed
that the ice sheet covering the lowland moved from the north and northwest (Anthro-
pogen of Taymyr, 1982).

The moraine usually lies on rhythmically bedded lacustrine-glacial deposits. The
rhythmical bedding is due to alternation of varved clays (0.5–1.0 m) with members
of thin (0.6–2 m) sand and silt interbeds.

The Yantardakh Beds are mostly sediments of aqueoglacial origin. They include
crack-kame sediments of interfluvial ridges, pressure ridges, terminal moraines, and
kame terraces. In the east of the lowland (at the lower course of the Khatanga
River) the marine beds enclose mollusks and scarce foraminifers Protoelphidium
orbiculary (Brady), Retroelphidium ex gr. subelavatum Gud., Cribrononion insertus
(Williamson), Miliolinella subrotunda (Montagui), Triloculina subtricorinata Gud.,
Tr. cf. oblonga, Cribrononion cf. incertus Juv. (identifications of V. I. Gudina). The
appearance of marine sediments can be caused by intensive melting of the thin ice
cover in the eastern and central parts of the lowland at the proximity of the Laptev
Sea. The deglaciation was accompanied by the glacier disintegration into a num-
ber of dead ice blocks. As the latter melted, the transgression spread further into the
lowland. However, there are some other views. According to V.I. Gudina, the micro-
fauna can be related to the Sanchug sediments of the Middle pleistocene. Another
version is that the marine sediments occur in outliers inside the moraine. A lot of
versions concerning genesis and age of the sediments with foraminifers do not allow
any unambiguous conclusion.

The North Kokor Beds are aqueoglacial deposits of the second stage of the
Muruktin Glaciation as well as marine sediments (see Fig. 4.1). The marine sedi-
ments were discovered at the lower courses of the Khatanga, Malaya and Bol’shaya
Balakhnya rivers, i.e., in the area adjacent to the Khatanga Bay. Mostly, they are
typical coastal and upper sublittoral sediments. They enclose scarce foraminifers
dominated by the Arctic and boreal-Arctic species. Age of tills was defined by their
position in the section. They are underlain by the Kazantsev sediments and overlain
by the Kargin marine and continental deposits. Many radiocarbon dates obtained for
the latter deposits range from 50 to 26 ka ago.

The Kargin sediments of the North Siberian Lowland are both marine and con-
tinental ones. The marine sedimentation underwent two stages: at the early stage
(50–39 ka ago) the sediments spread widely and at the later stage (38–26 ka ago)
the area of the transgression was considerably reduced.

The Lower Kargin sediments are commonly shallow-water facies of alternating
clays, silts, sands with pebble lenses and interbeds. Marine mollusks are represented
by Arctic-boreal, Arctic and boreal species characteristic of a shallow basin. Boreal
species Mytilus edulis Linné, Macoma baltica (Linné) and Arctic taxa Portlandia
arctica (Gray), P. arctica aestuariorum Mossev, P. arctica siliqua (Reeve) occur in
abundance.

The radiocarbon date of 37000±1000 (SOAN-834) for plant detritus from the
lacustrine deposits lying on the Lower Kargin marine sediments is supposed to indi-
cate a termination of the first stage of the transgression.
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Fig. 4.2 Marginal glacial features and source petrographic provinces (Anthropogen of Taimyr,
1982). 1 – boundaries of pre-Cenozoic petrographic provinces; 2–9 – petrographic provinces:
2 – North Taimyr (Proterozoic and Archean granites, gneisses, greenstone shales, limestones,
dolomites), 3 – Byrranga (Upper Paleozoic sandstones, siltstones (P) and limestones (C),
4 – Yenisei-Khatanga (Mesozoic sands and sandstones (K), 5 – Putoran-Vilyui (Mesozoic trapps),
6 – Kotui (Cambrian-Silurian limestones and dolomites), 7, 8 – Anabar: 7 – Archean granitoids,
8 – proterozoic quartz-feldspar sandstones of Mukun Serie, 9 – intrusions of subalcaline basaltoids;
10, 11 – large features of glacial topography of marginal accumulation zone: 10 – sag-and-swell
and swell topography, swells and massifs, 11 – small terminal moraine swells; 12–13 – boundaries:
12 – maximal development of Zyryan Glaciation, 13 – the studie area of composition of glacial
deposits, clastic matter and products of its rewashing
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The Upper Kargin marine sediments were accumulated in the interval of 33000–
26000 ago (according to the radiocarbon dating). They are represented by dark gray
clays with silt interbeds or by fine-grained sands. Occurrence of marine mollusks
Macoma baltica (L.), Mytilus edulis L., Portlandia arctica (Gray), P. arctica siliqua
(Reeve) evidences for a shallow basin. A foraminiferal assemblage is dominated by
the Arctic-boreal species Retroelphidium hiallinum Brodn., Protoelphidium parvum
Gudina, Protoelphidium orbiculare (Brady), Cribroelphidium goesi (Stshedrina),
Elphidiella groenlandica (Gushman) as well as nonionides, miliolides, and globu-
lins (Anthropogen of Taymyr, 1982).

The Kargin continental sediments are the lacustrine-alluvial ones occurring in the
central part of the North Siberian Lowland. They reflect three climatic warmings and
two coolings. Most frequently these sediments fill large glaciogenic depressions and
compose lake terraces of small thermokarst sinks. They are represented by bedded
sands and gray silts tinged locally with brown and interbeds of alluvial plant detritus.
The characteristic feature of the sediments is a high content of Fe.

The Sartan sediments of the North Siberian Lowland and the Byrranga Moun-
tains are glacial, aqueoglacial, lacustrine and alluvial ones formed predominantly
during the active degradation of the glacial covers and discharge from glacial lakes.
Deposits of the Karaul, Nyapan and Norilsk stages were distinguished.

In the Sartan time the substantial part of the Taimyr Peninsula was covered by ice.
Three belts of marginal sequences were discovered by geological mapping. They
correspond to three (Syntabul, Upper Taimyr and North Taimyr) stages of the glacier
degradation.

Nevertheless, the limits of the Sartan glaciation in Taimyr and the North Siberian
Lowland are still under discussion. There is an opinion that the ice covers existed
only in the northern and northwestern parts of the Taimyr Peninsula whereas
mountain-valley glaciers occurred in separate areas of the Byrranga Mountains. This
view assumes that the Kara shelf was the center of the glaciation in the western part
of the peninsula. However, this paleoglaciological problem has not been solved yet.



Chapter 5
The Late Glacial Time and Holocene
of Northern Eurasia

A significant event took place in the Late Glacial time both on the shelf and adjacent
land areas. This is a glacioeustatic transgression related to intensive degradation of
the ice cover. A time range of the transgression is estimated from the end of Bølling
to Younger Dryas, i.e., from 12.5 to 10.5 ka ago (Lavrov and Potapenko, 2005).
Geomorphologically this transgression is manifested in so called coastal terrace
(the term of A.S. Lavrov and L.M. Potapenko) extending between the Czech and
Khaypudyrka inlets. The maximum height of the terrace in the joint area reaches
25–30 m. The terrace is composed by heterogranular sands with lenses of poorly
rounded coarse clastics. The upper part of the terrace exposed along the Barents Sea
coast includes lenses and short interbeds of autochthonic peat not more than 0.2 m
thick. Thus, the clastic sequence of the terrace is subdivided by the peat lenses into
several horizons.

Radiocarbon dates for the buried peat suggest repeated short-term fluctuations of
sea level during the transgressive phase. Episodes of sea level lowering may occur
at 11.7; 10.5–10.3; 10.0; 9.7; 9.2−9.0 ka ago. Some close dates for the base of the
subaerial peat beds were obtained at different hypsometric marks. In these cases the
inherited overlaying of the younger peat on the older one may took place. Because
of poorly studied structure of suraerial peat beds (4–5 m thick) a time of the super-
position remains unclear. Besides, little is known about the sea level lowering during
the short-term regressions. The peat beds were recovered by drilling in the shelf area
near the Varandey Settlement (Veynsberg et al., 1995) under the Holocene marine
sediments at the absolute mark of –15.8 m. Radiocarbon date for the peat beds is
10300±130. According to A.S. Lavrov and L.M. Potapenko (2005), the short-time
sea level fall by 5 m occurred about 9.2 ka ago, according to the radiocarbon dating
of alluvium in the cut-off meander of the Pra-Tanyuy River.

Thus, the glacioeustatic transgression was characterized by a complex sea level
dynamics. Far from all sea level changes have been documented. Further studies are
needed in this direction.

The terminal phase of the Early Khvalynian transgression of the Caspian Sea (the
maximal one of the Pleistocene) proceeded at the same time as the glacioeustatic
transgression of the Barents Sea. The initial short-term phase of the Khvalynian
transgression only was related to melt waters of the last glacier. It cannot be
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Table 5.1 Basic glaciological and morphogenetic events of last glaciation during its degradation
stage
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excluded that similar sea level changes in the remote basins were due to some global
hydrogeological processes of unclear nature.

In the coastal part of West Siberia (the Yamal, Gydan and Tazov peninsulas) there
is a terrace of similar type and two altitude levels of 40–55 and 20–35 m, which is
also brought about by the Late Glacial glacioeustatic transgression. The terrace was
called “transitional” and dated as 12260±170. Signs of this sea ingression were
discovered also at the Taimyr Peninsula, at the lower courses of the Agapa and
Pyasina rivers (Arkhipov, 1997).

In the north of European Russia the Late Glacial period was marked by the for-
mation of an intraglacial terrace at the lower course of Pechora, a terrace of glacier
contacts and the Okunev terrace (Lavrov and Potapenko, 2005).

In the opinion of these authors, deposits of the Lower Pechora intraglacial terrace
are sediments of the synonymous estuary of the Barents Sea in the Late Glacial,
formation of which began 14.5–14 ka ago.

Deposits of so called terrace of glacier contacts should be referred to the outwash-
plain apron assigned conventionally to the Late Glacial (Lavrov and Potapenko,
2005).

Finally, the Okunev terrace was formed during the synonymous ingression into
the Pechora valley, which proceeded, according to the radiocarbon dating (Lavrov
and Potapenko, 2005), in the interval of 12.7–10.8 ka ago. The ingression spread
along the Pechora valley to the present-time altitude of 25 m correlative with the
mentioned terrace of the West Siberian coast. The dates indicate that the ice dam
across the Pechora River was destructed somewhat before the ingression and the
modern drainage network appeared about 12.7–13.0 ka ago. Noteworthy is that the
ice dam was destructed through actions of two water masses: waters of ice-dammed
lake from the south and waters of the Late Glacial transgression from the north. The
main geological events of the Late Glacial period in the north of European Russia
are shown in Table 5.1 (after Lavrov and Potapenko, 2005).



Chapter 6
Outlines of the Late Pleistocene and Holocene
History of the East Arctic Seas

In general, the East Arctic (Laptev, East Siberian and Chukchi) seas and adjacent
land areas have not received adequate studies. It is impossible therefore to present
any comprehensive concept of the Late Pleistocene and Holocene history of the
seas. Herein their geological history is presented in fragments.

As noted above, manifestations of the Boreal transgression of the early Late
Pleistocene (the Kazantsev-Mikulino time) were found to the west of this region.
No reliable data is available on the geological structure of the Pleistocene sediments
in the Laptev Sea between the Severnaya Zemlya and Novosibirskie Islands. The
Kazantsev sediments were discovered in the North Siberian Lowland, as stated in
the previous chapter. But no marine sediments of this age occur in the coasts of
Anabar and Olenek Inlets as well as in the Lena delta, where the Upper Pleistocene
is represented by terrestrial deposits.

The lower Upper Pleistocene sediments referred to the Kazantsev Horizon were
described from the western coast of the Kotelny Island in the Laptev Sea, where
they form a marine terrace 8–9 m above the sea level. This terrace is composed by
a sand sequence with mollusks Hiatella arctica (Linne) , Astarte (tridonta) bore-
alis (Schumacher), and Sipho togatus Morch. In opinion of M.N. Alekseev and his
co-authors, pollen of Betula sect., Nanae and Alnaster found in the shallow-water
sediments are indicative of vegetation characteristic of bushy tundra and climatic
conditions warmer than the present-time one. However, the conclusion concerning
the climatic situation does not seem to be well substantiated, the marine terrace of
the Kotelny Island may be younger.

The radiocarbon date of 36400±500 (GIN-3524) was obtained for plant detritus
of another marine terrace in the western coast of the Kotelny Island. This date indi-
cates that the terrace was formed in the Kargin time. According to M.N. Alekseev
and co-authors, the high altitude of the Kargin marine sediments of the Kotelny
Island is due to neotectonic activity. At the Kargin time the sea level was consider-
ably lower than at present and, hence, there was a large land between the Novosi-
birskie Islands and the modern coast of the Laptev Sea. The land was inhabited by
mammals of the Upper Paleolithic complex, which could penetrate far to the north.
Actually, the modern Laptev Sea did not exist even in the Sartanian time. In its
present limits this sea appeared in the Younger Dryas and was finally formed in the
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Holocene, as suggested by numerous radiocarbon dates obtained by the international
expedition to the Laptev Sea (Bauch et al., 2001).

Analysis of the published dates clarified the following important points.
Coring in the continental slope yielded four sediment cores from the water depths

of 983 m (PS 2458-4), 270 m (PS 51/154-11), 122 m (PS 51/118-3) and 114 m (PS
51/118-2) (Table 6.1). The dates obtained showed hiatuses and repeated age inver-
sions. Most likely, the disturbed age succession can be attributed to gravitational
processes provoked by the increased seismicity of the region. Insignificant inver-
sions recorded even at the sea depth of 114 m may be also due to imprecise dating.
But the other sediment cores show more essential inversions. For example, in the
sediment core from the water depth of 122 m the inversions were recorded at 749,
230 and 126 cm from the coretop. Hiatuses may occur between sampling sites KIA
6919 and 6920, and between KIA 6923 and 6922 in the sediment core from the
water depth of 270 m. The same sediment core (Sample KIA-6925) yielded the old-
est 14C date of 13120±60 correspondent to the calibrated date of 15293 cal. yrs.
BP (it is necessary to emphasize that the dated sediment core is from the conti-
nental slope). Hiatuses (age inversions) and gravitationally displaced beds yield-
ing close dates were fixed in the sediment core from the water depth of 983 m.
These are beds about 70 cm and 20 cm thick in the intervals of 436–369 and 486–
467 cm from the coretop respectively. Sedimentation rates in the continental slope
were calculated without accounting specific structural features and therefore are
doubtful.

Dates obtained for the sediment cores from the outer (water depths of 60 and
70 m), middle (42–51 m) and inner (21–32 m) shelf zones indicate the same struc-
tural features. These features can be attributed to the high seismicity of the region
and mud beds instability. This also casts doubts on the published rates of sedimen-
tation (Bauch et al., 2001).

These dates also show that the outer shelf began to be formed in the Younger
Dryas, and the sea extended into the modern middle shelf at the very end of this
interval. This suggests that the initial stage of the Laptev Sea origination was related
to the final stage of the Late Glacial transgression. Finally, marine sedimentation
within the modern inner shelf was caused by the Flandrian transgression of the
Atlantic stage of the Holocene. In the Preboreal and Boreal stages there was a land.

The specific features of the Holocene marine sequences, particularly, many age
inversions caused by the increased seismicity of the region, which led to displace-
ment of bottom sediments, are worth special attention (Table 6.1).

The absence of proved marine sediments on the modern southern coast of the
Laptev Sea can serve as a convincing argument for appearance of this basin in the
terminal Late Pleistocene.

More complete materials on the Late Pleistocene history of the east-central
segment of the Russian Arctic have been accumulated for the Severnaya Zemlya
Archipelago. They enable estimating how far the Arctic water masses penetrated
into the land areas in the Kazantsev and Kargin times forming possibly, an ingres-
sion bay in the riftogenic Gakkel Ridge.

In the October Revolution, Pioneer, and Komsomolets islands of the Severnaya
Zemlya Archipelago the Kazantsev sediments formed two terraces 80–70 m and
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Table 6.1 Radiocarbon dates, calibrated calendar age and calculated averaged sedimentation rates
[Bauch et al.,2001]
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Table 6.1 (continued)
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Table 6.1 (continued)
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Table 6.1 (continued)

Notes: 14C age according to Fahl and Stein, 1999; Bauch et al., 1999; AAR – Aarhaus
University; KIA – University of Kiel

70–60 m high. The first terrace 2 km wide is composed by loams and sands with
admixture of pebbles (overall thickness varies from 6 to 40 m). The deposits enclose
mollusks Saxicava arctica f. pholadis L., S. arctica f. arctica L., Mya truncate var.
uddevalonsis H., Astarte borealis var. placenta Morch.

The second terrace 2.5 km wide is composed by brown clays with fine pebble
interbeds, which are overlain by greenish-gray clays. Some sand beds also occur.
Thickness is 15–20 m. The following mollusks were found: Pecten islandicus Mull.,
Cardium grønlandicum Chem., C. ciliatum Fabr., Astarte borealis Chemn., A. bore-
alis var. placenta Morch., A. crenata (Grey.), Leda pernula Mull., Arca glacialis
Grey., Mya truncate H., Saxicava arctica L., Natica grønlandica Beek., Margarita
cineree (Goth.).
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The described molluscan assemblages are ecologically different. Warmer water
fauna characterizes the terrace 60–70 m high. The terraces may be of different age,
as somewhat confirmed by the OSL dating.

In the Shokalsky and Neupokoyev islands of the archipelago the Kazantsev
sediments are locally up to 50 m thick.

A terrace 30–40 m high is supposed to be formed in the Kargin time. Brown
clays, sands and pebbles up to 10 m thick enclose mollusks Astarte borealis Chemn.,
A. borealis var. jeniseae Sachs, Astarte compassa L., Macoma calcarea (Chemn.),
May truncate H., Saxicava arctica L.

Few data was published on the Upper Pleistocene and Holocene sediments of
the East Siberian Sea coasts. These sediments are best documented in the coast of
the Chaun Bay (Veynsberg, 1984; Bezrodnykh and Nazarov, 1984; Valpeter, 1984)
where three rhythmic members of similar structure were distinguished in the Qua-
ternary sediments (Bezrodnykh and Nazarov, 1984). The members are composed of
marine sediments and subaerial deposits.

The lower rhythmic member is mainly formed by lagoonal sediments repre-
sented by thin- and fine-grained sands and silts up to 20 m thick, which are over-
lain by lacustrine-boggy and alluvial sediments. The sediments compose a terrace
20–25 m high. They are correlated with the Enmakay Formation of the Valka-
rayskaya Lowland, which has the Eo-Pleistocene age according to paleomagnetic
data.

Assignment of the second rhythmic member to the Kazantsev time is conven-
tional and poorly documented. Sediments of the third rhythmic member constitute
several terraces from 5 to 13 m high. Basal lagoonal and deltaic deposits are over-
lain by subaerial ones. Among the latter there are ice-saturated dusty loams and little
icy eolian sands and sandy loams. Age of the marine sediments was determined by
the radiocarbon dating of drift-wood buried in coastal bars. The dates for the drift-
wood found on the western coast of the Nolde Inlet appeared to be 33800±560
and 34600±510. A peat bed of the lagoonal sediments in the 5–10-m terrace
of the Valkarayskaya Lowland yielded the dates of 33200±300 and 33700±780.
Taking into consideration the sediment types, the dates indicate the final stage
of the Kargin sea transgression. The lower part of the loess-ice cover overlying
the marine sediments yielded a date of 22980±640 and corresponds to the Sartan
Glaciation.

Thus, the dates obtained suggest that there may be a still undiscovered subaerial
member between the sediments of the terminal phase of the sea transgression and
the subaerial sediments of “edoma” type.

Marine terraces 3.0–3.5 m high were formed during the Holocene Flandrian
transgression; the present-day sea level was reached 4–5 ka ago. Some data on
thermokarst development is of interest. Short-term episodes of thermokarst for-
mation related to climatic warmings were documented by the radiocarbon dating:
11000, 9400, 8900–8200 (up to six thermokarst manifestations were recorded for
every 100–200 years in this interval), 7000 and 5700 (Valpeter, 1984). The dates
suggest that the most intensive thermokarst processes took place in the Boreal
time.
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Lower Pleistocene marine and continental sediments of the Chukchi Peninsula
coasts were described in the monograph of O.M. Petrov (1966), who distinguished
the Valkatlen, Konergin, Vankarem, Amguema and Iskatel beds.

The marine Valkatlen, alluvial and lacustrine Konergin beds represent inter-
glacial deposits of the early Late Pleistocene.

The Valkatlen deposits constitute marine terraces 30 m high. They were accu-
mulated in the upper sublittoral and coastal-marine zones. The sublittoral deposits
are represented by yellowish-gray fine-grained sands with lenses and interbeds
of silty sand and silt. The sand contains molluscan shells: Macoma calcarea,
May truncate, M. truncate ovata, Gomphina fluctuosa, Mytilus edulis, Serripes
grønlandicus, Astarte borealis, A. alaskensis, Axinoxida orbiculata, Buccinum
cf. glacialis, Natica clausa, Lepeta concentrica, Buccinum baaeri, Margarites
helicinus. The coastal-marine sediments are usually sand-gravel, pebble, and locally
boulder formations. Thickness of the Valkatlensky deposits reaches 20–25 m.

The Konergin deposits are predominantly sands, locally loams, with peat
interbeds and lenses and wood fragments. These sediments lie on erosional surface
of the marine Valkatlen sediments. Basing on palynological studies of few sam-
ples, O.M. Petrov (1966) suggested an existence of forest-tundra landscapes at the
Konergin time. Moreover, opinions were raised that this time was marked by the
interglaciation optimum. These ideas, however, are poorly substantiated because of
scarcity of palynological material. Thickness of the Konerginsky sediments reaches
20 m.

The Vankaremsky beds are glacial and aquaeoglacial sediments widespread in
the Chukchi Peninsula, especially in the Vankaremskaya Lowland. They lay on the
eroded marine sands of the same age and on the Konerginsky continental deposits.

The Amguema deposits form two terraces. The first one is inserted into the flu-
vioglacial sediments of the Vankarem Glaciation along the river valleys (Petrov,
1966) and passes into the marine terrace at the river mouths. Sands of the latter
terrace contain the following mollusks: Macoma calcarea, Mya pseudoarenaria,
Astarte borealis, A. borealis arctica, A. alaskensis, Serriges grønlandicus, Mytilus
edulis, Macoma baltica. The Amguema beds were referred to the second interglacial
period of the Late Pleistocene (Petrov, 1966). Probably the radiocarbon dates of
33350±530 and 29150±110 were obtained for these sediments. Wood fragments
from alluvium of the second flood-plain terrace at the Amguema River yielded a
date of 9350±230. Further studies are needed to refine its relationships with the
marine terrace.

The Iskatel beds are glacial deposits widespread in the upper river courses of
mountains and piedmonts. In the areas of their distribution, well pronounced glacial
landforms are represented by terminal moraine ridges and by hills of subglacial
ablative moraines. In the river valleys the first flood-plain terrace is located inside the
Iskatel deposits. O.M. Petrov (1966) related the glaciation of the Kara River valley
to the end of the Late Pleistocene, although its Holocene age cannot be excluded.
As this author supposed, the initial phase of the Iskatel Glaciation was characterized
by the river incision processes and formation of a scarp of the second flood-plain
terrace.
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The first flood-plain terrace (3–4 m high) and floodplain deposits are commonly
related to the Holocene. The Holocene marine sediments form marine and lagoon
terraces (5–7 m) and some accumulations of lower level. Formations of higher level
are dated in the range of 9–6 ka ago (Svitoch, 2003).



Chapter 7
The Deglaciation Time and Holocene of
Northern Eurasia

Numerous palynological studies carried out for the last 50 years allowed recon-
struction of Holocene paleolandscapes and paleotemperatures (Grichuk, 1950,
1961; Katz, 1958; Neishtadt, 1957; Khotinsky, 1977; Spiridonova and Lavrushin,
1997; and others). A lot of publications devoted to Northern Eurasia dealt with
migrations of plant assemblages, relationships between the forest and tundra zones
as a result of climatic changes, atmosphere evolution, sea level changes, dynam-
ics of bog formation, geological history of Anthropogene communities inhabiting
Northern Eurasia in the Holocene, etc. All the questions need to be especially ana-
lyzed outside the framework of this book. Therefore only several points of the geo-
logical history of the Arctic coast, which are directly related to the problem under
consideration, are discussed below.

These are, first of all, essential changes in relationships between the land and
sea areas in the Holocene of northeastern Russia, particularly, the appearance of the
Laptev and East Siberian seas. In this region, thick cryogenic icy deposits of Quater-
nary age were partly destroyed by thermoabrasion in the course of the glacioeustatic
and Flandrian transgressions. They are preserved in the Lyakhov and partly Anzhu
islands. Formation of the estuaries, such as the Ob Inlet, gulfs of Yenisei, Khatanga,
Yana and Chaun Inlet, were probably brought about by the last transgression. Thick
delta fans were formed due to intensive deposition by the Lena, Yana and Indigirka
rivers.

In the European north, the situation is somewhat different. The glacial depres-
sions (Throat of the White Sea and Czech Bay), which are occupied by the sea now,
can be clearly outlined.

At the lower course of the Pechora River, which is the only large river flow-
ing into the Barents Sea, the picture is more complex. There are the Gulyaevskiye
Koshki Islands, which represent washed-out fragments of the Pra-Pechora delta
appeared due to a catastrophic breakthrough of the glacier-dammed Pechora Lake.
Later this delta was washed away by the Flandrian transgression, which contributed
to the formation of the Pechora Inlet. The Khaypudyrskaya and Baydaratskaya
inlets can be also considered as glacial depressions. Although the glacial depres-
sions appeared in the terminal Late Pleistocene, the present configuration of the
shelf seas were formed in later times, including the Holocene.

M.A. Levitan, Y.A. Lavrushin, Sedimentation History in the Arctic Ocean and Subarctic
Seas for the Last 130 kyr, Lecture Notes in Earth Sciences 118,
DOI 10.1007/978-3-642-00288-5 7, C© Springer-Verlag Berlin Heidelberg 2009
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In the north of European Russia, in the northern margin of the Bolshezemelskaya
Tundra, just as in that of West Siberia, some beds of buried gletcher ice of the last
glaciation were found. Ice melting may produce lake basins near the proximal part
of the terminal moraine. Under the favorable conditions the moraines may be broken
through by waters of the lake basins. The flows saturated by washed out till become
mud-and-gravel streams (sel). Such processes took place in the Markhida mouth
area, where the moving sels acquired features of subglacial moraines. Moreover, the
high-density currents deform their beds by seizing fragments of frozen rocks, which
can be taken for small glacial detached masses. Wood fragments from the mud flow
sediments of the Markhida area were dated approximately as 9.3 ka ago (one date
is 9.8 ka ago). The dates suggest that the mud flow arose in the Preboreal stage.
Sediments of another mud flow of younger age were also discovered in the same
area. The first people who studied these formations relate them to surge (Lavrov
and Potapenko, 2005). From examination of the Markhida section a conclusion was
made that these moraine-like formations containing trunks of trees were similar in
many lithogenetic features to glacial sel accumulations. The Early Holocene age
and large diameter (up to 15 cm) of tree trunks doubted correctness of the genetic
interpretation of the wood-enclosing sediments as the subglacial moraine. A for-
est (even rarefied) hardly grew in immediate proximity of the glacial edge in the
northers latitudes of Russia.



Part II
Marine Sedimentation in the Arctic Ocean

and Subarctic Seas



Chapter 8
The Seas of West Subarctic Region

The Western Subarctic region includes Iceland, Norwegian and Greenland seas
which are commonly referred to as the Norwegian-Greenland Basin in Russian,
and the Nordic Seas in English (Vogt, 1986). The studied region is constrained from
south by Iceland, the Denmark Strait and the Faeroe-Iceland sill, from west – by
Greenland, from north – by the Fram Strait, from east – by Spitsbergen, the Barents
Sea and Scandinavia.

Geologic and Oceanographic Setting

The Norwegian-Greenland Basin (Schäfer et al., 2001) consists of some deep-
sea basins (Norwegian, Lofoten, Greenland, and Boreas), divided by system of
mid-oceanic ridges (Kolbeinsen, Mohn, and Knipovich) and major fault zones
(Greenland and Jan-Mayen) (Fig. 8.1). Depth of the Greenland Deep exceeds
2000 m whereas the Lofoten and Norwegian deeps have a water depth of about
3000 m. The Egir Ridge, an old spreading center, the Iceland Plateau and the micro-
continent Jan Mayen are related to this part of the sea floor. Deep-water areas are
surrounded by continental margins that consist of shelves as deep as up to 400 m,
continental slopes (the slope on a traverse of Central Norway is complicated by the
marginal Vøring Plateau) and continental rises with common occurrence of fans in
the east of the basin. An extremely wide development of fjords on inner shelves of
Norway, Spitsbergen and Greenland should be noted.

Climate of the Norwegian-Greenland Basin is mainly defined by thermohaline
circulation (Fig. 8.2) and ice conditions. The northwest is covered by all-year-round
ice, while in the eastern part the ice cover is restricted to winter times (Hald, 2001).
Such ice conditions are substantially caused by development of East-Greenland cur-
rent carrying cold Polar surface waters from the Arctic ocean to the south, and
Norwegian current bringing warm Atlantic surface waters from the North Atlantic
to the north (to the west of Spitsbergen the current is called the West-Spitsbergen
current). The Arctic waters are located in a border zone between the above water
masses and circulate on the surface as anticyclonic gyre. Interaction between main
surface water masses and addition of cold saline and dense waters forming at the

M.A. Levitan, Y.A. Lavrushin, Sedimentation History in the Arctic Ocean and Subarctic
Seas for the Last 130 kyr, Lecture Notes in Earth Sciences 118,
DOI 10.1007/978-3-642-00288-5 8, C© Springer-Verlag Berlin Heidelberg 2009
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Fig. 8.1 Scheme of the Nordic Seas bottom topography (Vogt, 1986)

surface of open-water areas, on shelves and in the Barents Sea during ice formation,
results in active convection and vertical circulation and formation of main water
masses of the basin.

The Atlantic water has salinity not less than 35‰, and its temperature shifts from
3 up to 8◦C in winter and from 6 up to 10◦C in summer (Johannessen, 1986). The
Polar water extends from surface down to approximately 150 m. From top to bottom
of this water mass its salinity varies from 30 up to 34‰, the temperature changes
from 1.5 up to 0◦C. In intermediate waters salinity of the Polar water varies between
34 and 34.7‰. Changes of salinity between 34.8 and 35.0‰ are characteristic of
the Arctic water. The temperature varies between 0 and 2◦C. Deep waters of the
Norwegian and Greenland seas have salinity about 34.92‰ and negative temper-
ature. The coastal Norwegian current carries warm fresh-mixed (32–35‰) waters,
and its demineralization is related to an active contribution of fresh water from the
fjords during spring and summer seasons. The borders between water masses at the
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Fig. 8.2 Surface water masses, main surface currents, and sea-ice margins in the Nordic Seas
(Hald, 2001). 1–4 – surface waters: 1 – Coastal, 2 – Arctic, 3 – Atlantic, 4 – Polar; 5, 6 – sea-ice
margins: 5 – in summer, 6 – in winter; 7, 8 – surface currents: 7 – warm, 8 – cold

sea surface are the oceanic fronts which are sharply expressed stable border zones in
the fields of temperature and salinity. The Polar water is separated from the Arctic
water by the Polar Front, while the Arctic Front divides the Arctic water from the
Atlantic water. It is of interest that East Icelandic current stops in the area of the Arc-
tic Front. It has to be mentioned that the deep waters of the Norwegian-Greenland
Basin give rise to deep waters of the North Atlantic and as a whole to global saline
conveyor (Broecker, 1991).
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The Norwegian-Greenland Basin can clearly be subdivided into two parts: the
smaller northwestern (western) part and the larger southeastern (eastern) part. The
cold less saline Polar water mass dominates in the west while the warm and more
saline Atlantic water occupies the east. This pattern is also reflected in composition
of surface sediments (Fig. 8.3). Terrigenous siliciclastic mud dominates in surface
sediments in the west. They hardly contain any remnants of carbonate organisms
(mainly foraminifers) and include coarse grained ice-rafted debris (IRD). In the
west a similar mud is essentially enriched by biogenic carbonate, down to form-
ing marly lithologies (30–50% CaCO3), and there are only minor amounts of IRD
(Matthiessen et al., 2001). Detailed studies show that CaCO3 distribution is caused
mainly by particularities of production and dilution of this component, but not by
dissolution which is expressed poorly (Henrich, 1998). It is of interest that even
far to the north, on the Yermak Plateau, already outside of the studied basin, the
branches of Atlantic water are reflected in enrichment of surface sediments by rem-

Fig. 8.3 Lithology of surface sediments in the Nordic Seas (Vogt, 1986). 1 – marly mud without
IRD; 2 – sandy clay; 3 – clayey mud
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nants of planktonic foraminifers (Levitan et al., 2000b). The morphological partition
of the deep-water floor pointed above mainly influences the grain-size composi-
tion of surface sediments. The more coarse-grained sediments are developed due
to enhanced hydrodynamical activity of bottom water above the ridges, plateaus
and rises compared to the deep-sea basins. The noticeable impurity of volcanogenic
material, even to formation of tuffites, is present in surface sediments of the Iceland
Plateau and Kolbeinsen Ridge. Iceland is a main source of volcanogenic matter in
the region, and the related ash is found in the Pleistocene-Holocene cross-sections
even in the Fram Strait area (Wallrabe-Adams and Lackschewitz, 2003).

The raised primary production is related to the marginal areas of sea-ice fields
(Peinert et al., 2001). In sediments formed at perennial sea-ice covered areas, Corg
(TOC) content is rather low. Fluxes of organic carbon in Holocene sediments (Taylor
et al., 2002b) reveal a clear circumcontinental zonation according to which the raised
mass accumulation rates (MAR) of TOC gravitates towards the continents surround-
ing the basin and the large islands.

Numerous studies are devoted to analysis of various facies features: ice-rafted
debris, various minerals, chemical and isotope sediment composition, physical prop-
erties, and biogenic remnants. The ice-rafted debris and oxygen and carbon isotopes
in foraminifers are mostly studied in details. The results of such studies are subse-
quently used in analysis of cross-sections of Quaternary sediments for a reconstruc-
tion of paleoclimatic and paleoceanographic features of the region.

IRD is determined by researchers differently. For example, it may include grain-
size fractions >150 mkm, or >250 mkm, or >400 mkm, or >500 mkm. IRD is
studied mostly in the fraction >500 mkm by J. Bischof (2000). For example, his
component analysis of 23000 samples (139 728 grains) from Pleistocene-Holocene
sediments of the Norwegian Sea (Fig. 8.4) showed that the most grains are sedimen-
tary rock (27.54%), igneous and metamorphic rock (30.86%), quartz (26.18%) and
feldspar (12.46%). He studied possible source provinces and transport pathways of
IRD in detail.

M.A. Levitan compiled schematic maps distribution of smectite, illite, chlorite
and kaolinite in the fraction < 2 mkm in surface sediments of Norwegian-Greenland
Basin based on raw data of H. Berner (1991). One can clearly see on the distribu-
tion map of smectite (Fig. 8.5) that its main sources are related to Iceland. The
Faeroe-Iceland sill, the Jan-Mayen fault zone, rock exposures on the Egir Ridge,
and southeastern Greenland play a subordinate role. The listed regions are areas of
basaltoid development which were subjected to smectite mineralization. The main
sources of kaolinite are Scandinavia, the Barents Sea and Spitsbergen. Chlorite
enters approximately from the same sources, and also from east and northeastern
parts of Greenland. The illite distribution pattern is the most complex. It enriches
sediments of the Iceland Sea, the deep water regions of the Norwegian Sea and
continental margin of Spitsbergen.

It is important to pay attention to the large role of oxygen isotope data in the
tests of planktonic foraminifers, in particular, for the agreement of temperatures of
surface water mass, obtained by interpretation of oxygen isotopes, and by direct
measurements (Sarnthein et al., 2003).
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Fig. 8.4 Amount of IRD (a), size of its largest fragments (b), and its lithological variability (c) in
the Holocene and Upper Pleistocene sediments of the Nordic Seas (Bischof, 2000)
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Fig. 8.5 Maps of smectite distribution in the surface sediments of the Nordic Seas (compiled by
M.A. Levitan, based on data from (Berner, 1991)). 1 – bottom currents, 2 – surface currents
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History of Sedimentation

History of Sedimentation Rates

The value of quantitative parameters such as sedimentation rate (SR) and mass accu-
mulation rate (MAR) is hard to overestimate for understanding the history of sed-
imentation. The Nordic Seas sediments play an important role as the archive of
glacial-interglacial changes, which occurred both in the basin and on the surround-
ing continents and large islands. Therefore this region has been intensively studied
in the course of the past three decades. A number of scientific cruises, including
four deep-sea drilling expeditions, have been carried out. As a result, about 200 sed-
iment cores have been stratified by oxygen-isotope method and radiocarbon method
(accelerating mass-spectrometry; AMS 14C). In a number of cases, also biostratig-
raphy, lithostratigraphy, magnetic stratigraphy and 10Be-stratigraphy were used.

Stratigraphy serves as a basis for age model development and determination of
sedimentation rates and mass accumulation rates. As a rule, authors of such strati-
graphic works attempt to interpret the obtained data for explaining the most general
regularities governing the history of sedimentation. However, there is a problem of
limited number of sediment cores available for such studies. Actually, some of the
described phenomena are of local propagation; quite often the proposed by different
authors regularities contradict each other.

Until recently there were practically no works, dedicated to the most general reg-
ularities governing sedimentation history of the Norwegian-Greenland basin. The
only exception is the work (Taylor et al., 2002a), in which schematic maps of sed-
imentation rates for the Holocene and Last Glacial Maximum (LGM) were pub-
lished, using data available in the PANGAEA repository for georeferenced data
from Earth system research (http://www.pangaea.de/). However, maps of sedimen-
tation rates for the older epochs of the last glacial-interglacial cycle are still absent.
Furthermore, there are differences between large regions such as, for example, the
Norwegian Sea, Greenland Sea, Greenland continental margins and others, not stud-
ied yet. This gap in knowledge is filled by the study described below.

Materials and Methods

This work includes data on approximately 160 sediment cores, which have
a reliable stratigraphic breakdown. Location of cores is shown at Fig. 8.6.
Most data is obtained from (Henrich et al., 1989; Vogelsang, 1990; Spielhagen,
1991; Lackschewitz, 1991; Dokken, 1995; Sarnthein et al., 1995, 2003; Nam,
1997; Struck, 1997; Goldschmidt, 1997; Hebbeln et al., 1998; Henrich, 1998;
Völker, 1999; Hald et al., 2003) and many others. The data are summarized in
Table 8.1.

Using AMS 14C data, we tried to work in a scale of calendar age, where the
values are obtained from reservoir radiocarbon datings corrected to the age in
accordance with the procedure, described in (Stuiver et al., 1998). Age boundaries
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Fig. 8.6 Location of sediment cores with established stratigraphy in the Nordic Seas

between the distinguished marine isotope stages (MIS) are taken from (Martinson
et al., 1987). There are several interesting publications, for example, (Sarnthein
et al., 2003; Shackleton et al., 2002), in which the authors establish a new age-
qualification boundaries between some MIS, which differ from (Martinson et al.,
1987). However, we carried out calculations based on the age boundaries according
to (Martinson et al., 1987), because authors of the relevant publications used this
scale. Secondly, the new age boundaries have not been recognized officially.

Since the gravity corers often destroy near-surface sediments, for SR calculations
we tried to use summary core depths (taking into account data of box corers and
gravity corers at one station). In accordance with (Backman et al., 2004), reservoir
age has possibly reached 1000 years during glaciation epochs, when ventilation of
bottom water in the deep-water basins was poor. This means that actual SR for such
epochs might be somewhat higher than it follows from our calculations.

Comparison of SR and MAR variations with time is found to be of interest.
We expected that real SR values should be slightly higher than the calculated ones
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due to compaction and the difference should increase with the age of sediments.
Nevertheless, the direct comparison of SR and MAR for terrigenous sediments of
the Greenland continental margin in same cores revealed a high similarity in the
behavior of both parameters with time (Stein et al., 1996). Hence, the SR variability
governs variations of bulk MAR, and variations in physical properties are not of
major importance.

We do not agree with the approach (Taylor et al., 2002b), where a constant dry
density of 1.00 g/cm3 for all sediments of the Norwegian-Greenland Basin is used,
which have been accumulating during MIS 1 and MIS 2. Schematic maps of SR,
presented in (Taylor et al., 2002a), are not connected with the relief of the sea floor
and give much less information than they could possibly do. We produced maps of
SR for different MIS in the Norwegian-Greenland Basin on the bathymetric basis
(using data bank of GEBKO).

In order to verify the validity of this systematic approach and to compare SR
for MIS 1 with the recent SR, a new version of the schematic SR map for surface
sediment layer of the studied aquatory was compiled, based on data received by
U-Th method (Paetsch et al., 1992) (Fig. 8.4).

Finally, for studying SR distribution in different parts of the investigated basin,
we divided it (from 63◦N to 80◦N) into a number of regions, located both at the
continental margins and in the deep-sea area (Fig. 8.6). The Iceland Sea relates
neither to the continental margins nor to the deep-sea floor. This question will be
examined below.

Results

Distribution of recent SR (Fig. 8.7) reveals a weak SR increasing toward the conti-
nental margins: the values, which exceed 2.5 or less often 5 cm/ky, were noted near
Norway, Iceland and in some regions of the Greenland continental margin. There
are vast areas without any recent or Holocene sedimentary cover on the Spitsber-
gen and East Greenland shelves. In these regions surface sediments were preserved
either in the fjords or in the rare shelf depressions. A distinct increasing of SR is
mapped in the Lofoten Basin, where it is caused by the presence of the Bear Island
Trough Fan. Besides the mentioned areas, the studied region is covered with recent
sediments, which are being accumulated with SR <2.5 cm/ky.

During MIS 1 the noted phenomenon of circumcontinental SR distribution was
expressed much more definitely than in the recent epoch (Fig. 8.8). Regions with
SR values >5 or even >10 cm/ky were located practically along the entire conti-
nental margins of Spitsbergen and Barents Sea, intermittently – along the continen-
tal margins of Norway, near Iceland and in some places in the continental margins
of Greenland. In many cases the noted SR maxima are related to different fans, for
example, of Is-fjord, Bear Island, the North Sea, and Scoresby Sund. Bear Island
fan, outlined by the contour line of 5 cm/ky, was aligned across the entire Lofoten
Basin.

Gradation of less than 2.5 cm/ky occupied large areas in the Iceland and
Greenland seas, in the Norwegian Basin, in the southwest of the Lofoten Basin
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Fig. 8.7 Recent sedimentation rates (SR) in the Nordic Seas (cm/ky) (Paetsch et al., 1992), modi-
fied by M.A. Levitan

and in the southern part of the Fram Strait. Low SR values in a small area along the
Denmark Strait are considered as result of the Iceland outflow, directed to the North
Atlantic. It is obvious from comparison of Figs. 8.7 and 8.8 that SR during MIS 1
was higher on average than in the recent epoch.

Figure 8.9 demonstrates that SR has been, at least, twice more in MIS 2 than
in MIS 1, in all areas of the studied region: both at the continental margins and
in the pelagic zones. In some fjords of Spitsbergen, Norway and Greenland SR
increased to some hundreds of cm/ky. Areas of SR <2.5 cm/ky distribution have
been restricted to small areas in the Greenland and Iceland seas, along Jan-Mayen
fault zone, and in the southern margin of the Vøring Plateau. The circumcontinen-
tal zonality of SR distribution was expressed very clearly, moreover, more sharply
along the eastern continental margins than along the western ones.

In MIS 3 pattern of SR distribution was different from MIS 2, in particular: areas
of SR >20 cm/ky distribution were absent, gradations of >10 cm/ky were devel-
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Fig. 8.8 MIS 1 sedimentation rates (SR) in the Nordic Seas (cm/ky) (for data source see text)

oped only seaward of central Norway, as well as between Greenland and Iceland
(Fig. 8.10). As a whole, the eastern continental margins of the studied region were
bordered by the contour line of 5 cm/ky, while along the western margins there were
fluctuations from 5 to 2.5 cm/ky. In a narrow center area of the Greenland Sea, the
Norwegian Basin, the western part of the Lofoten Basin, and in the north of the
Iceland Sea SR values comprised <2.5 cm/ky.

Distribution map of SR in MIS 4 (Fig. 8.11) very clearly demonstrates SR
decreasing comparatively to MIS 3: gradation >10 cm/ky is generally absent,
values >5 cm/ky were noted only seaward of North Iceland, and, also, along the
eastern continental margins. As a whole, the asymmetry of the continental margins
was very well expressed from the point of view of SR distribution. The gradation of
SR <2.5 cm/ky occupied the entire area of the Greenland Sea, north of Iceland Sea,
Norwegian Basin and large part of the Lofoten Basin.

Comparison of SR distribution in MIS 4 and MIS 5 revealed a general weakly
expressed tendency of SR decreasing in MIS 5 (Fig. 8.12). Actually, the contour line
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Fig. 8.9 MIS 2 sedimentation rates (SR) in the Nordic Seas (cm/ky) (for data source see text)

of 5 cm/ky, which bordered the eastern continental margins in MIS 4, was located
further to the east in MIS 5, and SR values >5 cm/ky were absent seaward of North
Iceland. Sea floor of almost entire studied region was covered by sediments, which
were being accumulated with a rate <2.5 cm/ky. In this case the comparison of SR
values for MIS 5 a-d (Fig. 8.13) and MIS 5e (Fig. 8.14) showed that they were
slightly higher during MIS 5e than later. If for the MIS 5/MIS 6 boundary an older
age (135 ky) would be used (Shackleton et al., 2002), SR values of MIS 5 would
become somewhat lower than those based on our calculations, and average SR ratio
MIS a-d and SR MIS 5e would be close to 1.0.

Discussion of Results

The general trend of SR changes appears as follows: increasing from MIS 5 to MIS 2
and sharp decreasing in MIS 1. This general trend is confirmed by the statistical data,
based on calculation of arithmetical means, which not only quantitatively reflect the
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Fig. 8.10 MIS 3 sedimentation rates (SR) in the Nordic Seas (cm/ky) (for data source see text)

tendency mentioned above, but also make it possible to reveal numerous interesting
details (Table 8.2).

Average SR ratio for MIS 5a–5d/MIS 5e (19 cores) is 0.72: 0.77 for pelagic zones
(11 cores) and 1.63 for the Iceland Sea (5 cores). The generally higher SR values
in the interglaciation substage 5e than in stadial-interstadial substages 5a–5d are
related to Termination 2 at the MIS 5/MIS 6 boundary and increased advection of the
Atlantic warm and salt water to pelagic zones at that time and the advection-related
increase in carbonate productivity, which is reflected in sediments by higher CaCO3

content (Henrich, 1998). Later, the advection was poorly expressed. The cause of
a much higher SR ratio for the Iceland Sea is not clear yet. However, we may
assume that Termination 2 was not so intensively manifested in the SR records off
the territory of small Iceland as off zones characterized by well-developed Eurasian
and Greenland ice sheets during the previous glacial MIS 6.

The general SR increasing at continental margins as well as in pelagic zones
and in the Iceland Sea during the middle Weichselian as compared to the early
Weichselian (see SR ratio for MIS 4/MIS 5 in Table 8.2) is certainly related to
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Fig. 8.11 MIS 4 sedimentation rates (SR) in the Nordic Seas (cm/ky) (for data source see text)

the glaciation in MIS 4. Very similar values of the SR ratio for different areas,
such as continental margins (1.33), pelagic zones (1.32), and the Iceland Sea (1.29),
point to a synchronism of ice-sheet growth for all continental masses surround-
ing the Norwegian-Greenland Basin. It is notable that the SR ratio is higher for the
Greenland continental margin than for the Norwegian margin (1.63 and 1.02, respec-
tively). A similar trend is observed for the Greenland and Norwegian seas (1.42 and
1.14, respectively). These data are likely to imply that dynamics of glaciation at that
time was higher in Greenland than in Norway, because such dynamics governs the
delivery of the siliciclastic material to the sedimentation basin. On the other hand,
the comparison of SR ratios for MIS 4 and MIS 5 within pelagic zones revealed a
northward increasing of this parameter: 1.14 for the Norwegian Sea, 1.42 for the
Greenland Sea, and 1.46 for the Fram Strait. This phenomenon can be related to the
northward decreasing of biogenic carbonates contribution to bottom sediments of
MIS 5 (Henrich, 1998). We consider different dynamics of glaciation development
as the major process and the influence of Atlantic waters during MIS 5 as a minor
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Fig. 8.12 MIS 5 sedimentation rates (SR) in the Nordic Seas (cm/ky) (for data source see text)

process. Moreover, calculations show that the carbonate material influx to sediments
in pelagic zones was higher than at continental margins.

The Scandinavian ice sheet evolved more actively than the Greenland ice sheet in
the middle Weichselian (SR ratios for MIS 3/MIS 4 is 2.27 for the Norwegian con-
tinental margin and 2.10 for the Greenland continental margin). In this epoch, like
in the earlier one, the situation at continental margins was reflected in the adjacent
pelagic zones (SR ratios are 1.98 and 1.68 for the Norwegian and Greenland seas,
respectively). Carbonate content has been increased in pelagic sediments against
terrigenous material. Comparison of average SR ratios for MIS 3/MIS 4 in pelagic
zones revealed a northward decreasing in this parameter: 1.98 for the Norwegian
Sea, 1.68 for the Greenland Sea, and 1.19 for the Fram Strait. Evidently, this trend
is related to a decreasing in the flux of carbonates to sediments from the south to
north in MIS 3 (Henrich, 1998). Since that time, the gradient of SR ratios between
continental margins and pelagic zones became more prominent than in the previ-
ous period (average ratios are 2.18, 1.73, and 2.01 for continental margins, pelagic
zones, and the Iceland Sea, respectively).
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Fig. 8.13 MIS 5a-d sedimentation rates (SR) in the Nordic Seas (cm/ky) (for data source see text)

In MIS 2 highest SR values have were determined both at continental margins
and in pelagic zones. First of all, it was related to the dynamics of the growth or
breakdown of ice sheets in the late Weichselian, i.e., ice-sheet advances, retreats, and
new advances; formation of icebergs; formation of ice streams in transverse troughs;
development of debris- and mud flows on continental slopes and turbidity currents
in channel systems. The “bulldozer effect” of the advances of the ice-sheet margin
and the formation of basal moraines played a significant role on glacial shelves. The
lateral motion of underwater landslides downward the continental slope and many
other processes related to glaciation also played an important role (Taylor et al.,
2002).

We would like to draw attention to one important sedimentation mechanism
related to the melting of icebergs. Heinrich events (i.e., large-scale formation of
icebergs in the process of surges) were commonly accompanied by the intense melt-
ing of icebergs and the appearance of substantial freshwater masses in the surface
layer of water column (Bond et al., 1992; Sarnthein et al., 2003). We assume that
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Fig. 8.14 MIS 5e sedimentation rates (SR) in the Nordic Seas (cm/ky) (for data source see text)

mixing of this freshwater with saline seawater fostered (and fosters) variation in dis-
charge of clay minerals (as in the case of estuaries during the mixing of fresh and
sea waters), their aggregation, fast sinking, and accumulation on the bottom. Clay
fractions make up a considerable part of Heinrich layers, and sedimentation from a
turbidity plume, which is formed during the larger-scale melting of icebergs, should
substantially affect SR values.

We also would like to underline a great significance of the width of glacial
shelves: shelves of Spitsbergen, Norway, and southeastern Greenland are rela-
tively narrow; the ice sheet margin reached the shelf edge during the Last Glacial
Maximum precisely in these zones (Elverhøi et al., 1998).

Consequently, the major part of the bottom areas with the highest SR values is
confined to continental slopes and rises in these zones. However, a large part of the
eastern Greenland shelf is very wide, and the margin of the Greenland ice sheet
was probably located within the inner shelf in the Last Glacial Maximum (Stein
et al., 1996). Along with other causes, this phenomenon could be responsible for
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Table 8.2 Average values of SR ratio for MIS in the studied regions (by M.A. Levitan)

Region
MIS 1/
MIS 2

MIS 2/
MIS 3

MIS 3/
MIS 4

MIS 4/
MIS 5

MIS 5a–d/
MIS 5e

MIS 2/
MIS 4

MIS 1/
MIS 5e

Continental margin of
Spitsbergen

0.48 – – – 0.33 – –

Continental margin of
the Barents Sea

0.42 0.99 – – – – –

Continental margin of
Norway

0.38 2.39 2.27 1.02 1.18 2.83 –

Continental margin of
Greenland

0.38 1.70 2.10 1.63 – 2.51 –

Continental margins 0.40 1.99 2.18 1.33 0.89 2.69 –
Norwegian Sea 0.79 1.44 1.98 1.14 0.63 2.53 1.22
Greenland Sea 0.69 1.46 1.68 1.42 2.42 1.94 –
Fram Strait area 0.52 1.94 1.19 1.46 0.39 1.78 0.88
Pelagic areas 0.70 1.54 1.73 1.32 0.77 2.15 1.10
Iceland Sea 1.15 1.79 2.01 1.29 1.63 2.61 1.69
Norwegian-Greenland

Basin
0.67 1.72 1.91 1.32 0.72 – 1.46

Note: Blank means no data

the absence of deep-sea fans and large landslides in zones located off the shelf in
the central part of eastern Greenland.

The Last Glacial Maximum ended 18 ky ago (Sarnthein et al., 2003). The
subsequent deglaciation (Termination 1) (Fairbanks, 1989) lasted until the Early
Holocene. Ratios of SR values for MIS2/MIS 3 (Table 8.2) suggest some details
of sedimentation for that period. It should be noted that the spatial SR distribution
demonstrates for MIS 2/MIS 3 more active evolution of the Scandinavian ice sheet
(the average value is 2.39 for the Norwegian continental margin) as compared to
the Greenland ice sheet (the average value 1.70 for the Greenland continental mar-
gin). This fact implies the following trends: asymmetry of the circum-continental
zonation in the Norwegian-Greenland Basin; lower values for pelagic zones (aver-
age 1.54) than for continental margins (average 1.99) and the Iceland Sea (1.79);
decreasing in the concentration of carbonate components in bottom sediments of
MIS 2 in the northern pelagic zones (Henrich, 1998), and, consequently, increasing
in SR ratios for MIS 2/MIS 3 in the northern pelagic zones (1.44 for the Norwegian
Sea, 1.46 for the Greenland Sea, 1.94 for the Fram Strait).

SR values during MIS 1 considerably have been decreased as compared to
MIS 2 (Table 8.2). In general, the SR ratio for MIS 1/MIS 2 is only 0.40 for
continental margins and 0.70 for pelagic zones. Such a difference in SR values
at continental margins and in pelagic zones is related to a higher concentration of
biogenic CaCO3 in pelagic sediments, especially for sediments of MIS 1, except for
the Iceland Sea, where the SR ratio is higher (1.15) due to the following causes:
(i) high volcanic activity in the region, particularly, in the southern Kolbeinsey
Ridge area (Lackschewitz, 1991) and the consequent increase in the number of vol-
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canic ash layers during MIS 1; (ii) higher concentrations (up to 55–60%) of bio-
genic CaCO3 in Holocene sediments of the eastern and central parts of the Iceland
Sea (Henrich, 1998); (iii) relatively small influx of the siliciclastic (terrigenous and
volcano-terrigenous) material to distal northern pelagic zones of the Iceland Sea in
MIS 2 as Iceland ice dome was too small and located too far from pelagic zones.

The glacioisostatic uplift, which provoked the drift of most sedimentary material
to continental margins, was slightly more active at the Spitsbergen (average SR
ratio is 0.48 for MIS 1/MIS 2) and Barents Sea continental margin (0.42) than at
continental margins of Norway and Greenland (0.38 for both zones). A clear trend
of northward decreasing in the SR ratios (0.79 for the Norwegian Sea, 0.69 for
the Greenland Sea, and 0.52 for the Fram Strait) is obvious in pelagic zones. We
interpret this phenomenon as a reflection of decreasing in amounts of carbonates in
sediments of MIS 1 from south to north (Henrich, 1998; Taylor et al., 2002) nearly
in the same way as in present-day sediments (Paetsch et al., 1992).

It was noted previously that comparison of stratigraphic units of different dura-
tions still remains a debatable issue. Therefore, we compared SR ratios for MIS
stages (MIS 2/MIS 4) of equal (or nearly similar) duration. In addition, we also
calculated data for interglaciations (MIS 1/MIS 5e).

Probably, Substage 5e is the closest climatic analog of MIS 1 (Kukla et al., 1997).
The average SR ratio is equal to 1.46 for MIS 1/MIS 5e, 1.10 for pelagic zones,
and 1.68 for the Iceland Sea. All these values were calculated without maximal
and minimal values. Possible reasons of high SR ratios for the Iceland Sea have
already been discussed above. The SR ratio value is most significant for pelagic
zones and is very close to unity. This fact once more confirms the similarity of
both interglacial epochs. Nevertheless, the SR ratio value was slightly higher during
MIS 1 because of the following reasons. The first reason is evident: according to
(Henrich, 1998), surface sediments of the zone between 65◦ and 73◦ N are slightly
more enriched in carbonates than sediments of MIS 5e. The second reason is likely
to be the influx of terrigenous material to the Norwegian–Greenland Basin from the
Greenland ice sheet in MIS 1 and the absence of such influx in MIS 5e (Loutre and
Berger, 2003).

Comparison of SR ratio values for the last two glaciations (MIS 2 and MIS 4)
revealed several very clear tendencies. First, sedimentation rates were higher during
MIS 2 relative to MIS 4 (the average SR ratio at MIS 2/MIS 4 is 2.69 for conti-
nental margins, 2.15 for pelagic zones, and 2.61 for the Iceland Sea). Hence, the
late Weichselian glaciation in the study region was much more rigorous than the
middle Weichselian one. This inference agrees well with (Svendsen et al., 2004).
Distinctions between SR values at continental margins and in pelagic zones were
appreciably lower in glacial epochs than in interglacials due to a greater advection
of Atlantic waters (and, hence, a higher concentration of carbonates in sediments)
during warmer periods. Second, the SR ratio at the Norwegian and Greenland
continental margins, on the one hand, and in the Norwegian and Greenland seas,
on the other hand, varied in a similar way. Hence, the influx of terrigenous mate-
rial from glaciation zones mainly governed the SR trend and the influx from the
territory of Norway was more intense than from Greenland during both glacia-



History of Sedimentation 85

tions. Third, the evident trend of the northward SR ratios reduction in pelagic zones
(the average value is 2.53 for the Norwegian Sea, 1.94 for the Greenland Sea,
and 1.78 for the Fram Strait) might be accounted, at least, for two reasons. As it
was mentioned above, the first reason is related to decreasing from south to north
influx of terrigenous material from glacial zones. The second reason is probably
related to the following phenomenon: the so-called “Nordway events” or “High-
Productivity events” (occasional intensification of the advection of Atlantic water
to the Norwegian–Greenland Basin during glacial periods) were developed more
intensely in MIS 2 than in MIS 4 (Hald, 2001). These events are represented in sed-
iments by enhanced amount of biogenic carbonates. Naturally, the degree of mani-
festation of these events decreased from south to north, because Atlantic water ran
into the Norwegian-Greenland Basin from the North Atlantic.

It would be appropriate to compare general trends of the SR history described
for the Norwegian-Greenland Basin with more general regularities. For instance,
M. Loutre and A. Berger (2003) elaborated the model of variations in the volume of
continental ice of the Northern Hemisphere for the last 570 ka. Let us consider the
results for the last 130 ka (i.e., for the last five oxygen isotope stages). The volume of
glaciers was close to nul during MIS 5e, MIS 5c, and MIS 5a. However, the volume
reached nearly 20 mln km3 during Substage 5d and 3–5 mln km3 during Substage
5b. During MIS 4, the volume of glaciers rapidly grew from 0 to 27–28 mln km3.
The short period of slight reduction of the volume of glaciers at the beginning of
MIS 3 was followed by its intense growth during the remaining episodes of MIS
3 and MIS 2 right up to the end of the Last Glacial Maximum, when the volume
reached maximal values ∼ 48 mln km3.

Thereafter, the volume of continental glaciers of the Northern Hemisphere
rapidly reduced to 3 mln km3 in the current epoch. It is clear that these data are given
for the whole hemisphere. However, their comparison with our results revealed
a very interesting regularity: general trends of the SR history in the Norwegian-
Greenland Basin and variations in the volume of continental glaciers of the Northern
Hemisphere were practically similar (Fig. 8.15). Hence, the SR history was mainly
governed by the history of variations in the volume of continental glaciers, and the
influx of terrigenous material from glaciers to sea basins played the leading role
in the SR history. In this process, sea level fluctuations were of great importance:
increase in the volume of continental glaciers promoted fall of the sea level and
increase in the SR, while reduction of volume fostered rise of the sea level and
decrease in the SR. Contribution of biogenic carbonates had an insignificant influ-
ence on the SR and was most prominent during interglacials and, probably, intersta-
dials in pelagic zones of the Norwegian-Greenland Basin. Figure 8.15 demonstrates
that the SR/glacier volume ratio was higher during MIS 1 and MIS 5 but lower dur-
ing MIS 2–MIS 4. This phenomenon is likely to reflect the greater role of biogenic
sedimentation in warm epochs.

The asymmetric distribution of both SR values and their ratios at the eastern and
western continental margins of the basin is a significant feature of sedimentation
in the study region. This phenomenon is related to difference in the glaciation his-
tory of Greenland relative to Spitsbergen, Barents Sea, and Scandinavia. This issue
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Fig. 8.15 Ratio of ice volume in the Northern Hemisphere (dark) (Loutre, Berger, 2003) and
average sedimentation rates in the Nordic Seas (light) for the last five MIS (conventional units)
(Levitan et al., 2007a)

is discussed in a series of publications (Elverhøi et al., 1998; Funder et al., 1998;
Bischof, 2000). According to literature data, the onset of glaciation and the dura-
tion of glacier growth in eastern Greenland and Spitsbergen during MIS 5d and,
probably, 5b are rather close. However, the glaciation history became quite different
after 65 ka. We pointed out this episode of the SR history, but it was expressed in
other terms.

The Greenland ice sheet remained stable since ∼65 ka to 10 ky ago. At that time,
the ice sheet slightly decreased due to the melting of ice or breakup of icebergs.
In contrast, variation of eastern ice sheets was much more active. The Greenland
ice sheet lost about 2 mln km3 of ice, whereas the Spitsbergen-Barents Sea and
Scandinavian ice sheets lost about 8 mln km3 of ice. Hence, the above-mentioned
asymmetry of the circum-continental zonation expressed in the SR distribution and
their ratios in the Norwegian-Greenland Basin over the last 65 ka is governed by
different glaciation histories in Greenland (especially, in the central and northern
parts of eastern Greenland (Elverhøi et al., 1998) and in eastern continental and
marine zones. In general, these distinctions are related to different oceanographic
and climatic conditions: Greenland is subjected at present (and was subjected pre-
viously) to the influence of East Greenland Current, which carries cold Polar water,
whereas eastern margins are exposed to the highly dynamic Norwegian and West
Spitsbergen currents, which carry warm and saline Atlantic water (Elverhøi et al.,
1998).

It was repeatedly mentioned above that the Iceland Sea exhibits specific features
that do not allow us to consider this zone either as continental margin or pelagic
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zone. The reason is rather evident: Iceland is a relatively small island; therefore,
its influence on the SR is confined mainly to inner zones of the Iceland Plateau.
The northern zones represent an arena of “pelagic” sedimentation. It should be
noted that the term “pelagic zones” in this work is used conventionally because of a
high ratio of the total water- (ice-) shed area to the sedimentation basin area. Such
way we understand that sedimentation in this area corresponds to the hemipelagic
type.

Lastly, we would like to consider the influence of currents on SR values and their
distribution. In our opinion, the Norwegian and West Spitsbergen currents affect
the SR in the eastern, southeastern, and central pelagic zones of the Norwegian–
Greenland Basin via an increase in the CaCO3 content in bottom sediments during
interglaciations and interstadials, on the one hand, and during Nordway events at
the time of glacials and glaciations, on the other hand. The East Greenland Current
influenced vast areas of the Greenland shelf and eroded bottom sediments and/or
washed out their fine fractions, which can accumulate only in different shelf depres-
sions. Present-day contour currents, the velocity of which may reach 100 cm/s in the
bottom water layer, are recorded along the continental slope in southeastern Green-
land (Rasmussen et al., 2003). They affect the bottom landforms and transport the
sedimentary material to south. The powerful Iceland deep-water current flowing
from the Norwegian–Greenland Basin to North Atlantic affected bottom sediments
of the Denmark Strait and decreased the SR value in the Holocene (Völker, 1999;
Kuijpers et al., 2003). We failed to find any serious evidence in favor for a strong
influence of cryozoles carried by ice of the Transpolar Drift and the East Green-
land Current on the SR in the Fram Strait area. Some sediment accumulations at
this zone are confined to either pockets on the slope of the Yermak Plateau (Levitan
et al., 2002) or local depressions on plain areas of the seafloor.

The results obtained allow to make the following conclusions:

(1) SR variations in the Norwegian–Greenland Basin during the last glacial/inter-
glacial cycle were mainly due to changes in the volume of continental glaciers
of the Northern Hemisphere (Fig. 8.15). Hence, they were controlled by climatic
conditions.

(2) Advection of the Atlantic water, which promoted the delivery of biogenic car-
bonates to bottom sediments, had an insignificant influence on the SR. This
process was mainly reflected in pelagic zones in the course of interglaciations
and interstadials, and “Nordway events” or “High-Productivity events” during
glaciations and stadials.

(3) Circumcontinental zonality of SR distribution has existed during an entire
studied period. MIS 5 and MIS 4 periods were characterized by weak and
symmetrical zonality, while MIS 3–1 were characterized by strongly expressed
asymmetric zonality. The reason for the noted phenomenon serves different
histories of the Greenland ice sheet formation, from one side, and of eastern
ice sheets (Scandinavian, Svalbard, Barents-Kara), from other side.
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After showing that during the last climatic cycle terrigenous sedimentary mate-
rial has entered into the Norwegian-Greenland Basin mainly from the eastern and
western continental margins, it is necessary to examine the processes of sedimenta-
tion at these margins in some more detail.

History of Sedimentation on the Vøring Plateau
During the Last 25 ka

The works by R. Henrich et al. (1989) played an important role in reconstruction
the history of sedimentation in the region, in particular, focusing on sedimentary
facies of glacial-interglacial cycles in the Norwegian Sea during the last 350 ka,
that were subsequently refined for the Vøring Plateau (Dahlgren and Vorren, 2003).
It is worth noting that sedimentary facies in the above mentioned publications cor-
respond to core cross-sections of bottom sediments with different structural fea-
tures and composition caused by various sedimentary factors. For example, they
include turbidites and iceberg-rafted sediments. We believe that the facies identified
in these works correspond to different genetic types of marine sediments (Frolov,
1984).

The Vøring Plateau is a key area for solving a paleocirculation issue during the
last glacial maximum (LGM). The model proposed by J. Bischof (2000) based on
studies of coarse IRD points out widely developed surface currents in the east-
ern part of the Norwegian–Greenland basin directed southward. The other recon-
struction that combines data on IRD, from the one hand, and oxygen isotopes in
foraminifers, from the other hand, asserts the existence of circulation which is very
similar to the present situation (Hebbeln et al., 1998). The latest reconstruction by
M. Sarnthein and his co-authors (Sarnthein et al., 2003) based on a comprehensive
database of oxygen isotopes determined in planktonic foraminifers introduces into
the present circulation pattern the powerful current which carries the Atlantic waters
from the south into the region of the Denmark Strait and abeam of North Iceland
steeply turning to the east, where approximately in the area of the Vøring Plateau
merges with the Norwegian Current and directs northward. Therefore, it is of vital
importance to study the connection of special features of composition and structure
of bottom sediments with the synchronous climatic and oceanological changes and
development of proxies of such changes for the contemporary stage of lithological
investigations of the eastern Norwegian Sea.

Furthermore, it is useful to study sediments of the Vøring Plateau because this
plateau occupies a unique position in the system of the continental margin of the
Norwegian Sea. Indeed, the detailed geophysical and geochronological investiga-
tions in the recent years have revealed that sediments of this margin, which have
been accumulating over the last 30 ka (except for sediments of the Vøring Plateau),
belong to numerous submarine slumps, deep-sea fans, and channels. Consequently,
the “background” hemipelagic sediments, which have been accumulating particle-
by-particle, account for only 7% of sediments of this period (Vorren et al., 1998;
Ó Cofaigh et al., 2002; Taylor et al., 2002a). Therefore, it is difficult to overes-
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timate the significance of the Vøring Plateau for the investigation of background
sedimentation and its relation with climate and oceanographic environment during
the last 25–30 ka.

Materials and Methods

The obtained results are based on the study of five bottom sediments cores retrieved
from the Vøring Plateau area during cruises 12 and 16 of the R/V Academik Sergey
Vavilov (Shirshov Institute of Oceanology, Russian Academy of Sciences) in 1997
and 2003, respectively (Fig. 8.16). Figure 8.16 shows the locations of sediment cores
retrieved by the Norwegian researchers during cruises of the R/V Marion Dufresne
(Dokken and Jansen, 1999) and Jan Mayen (Dahlgren and Vorren, 2003). Radio-
carbon datings are available for these cores. We scrutinized the reference section of
sediment core ASV 1372. This core was correlated with other cores using analyti-
cal data on the chemical composition, physical properties, and lithological descrip-
tions. Specific attention was focused on marker intervals (iceberg-rafted sediments,
turbidites, carbonate-rich sediments, and others).

Fig. 8.16 Location of studied sediment cores in the Vøring Plateau area (Levitan et al., 2005b)
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Modern Sedimentation Environment

The Vøring Plateau is a sub-horizontal block of the continental slope off central
Norway (35000 km2 in area) located at a depth of 1000–1500 m in the Norwegian
Sea. The shelf edge is located at a depth of 250 m. The upper continental slope is
gentler than the lower slope (below the Vøring Plateau). The plateau is bounded by
the Lofoten Basin in the north and is truncated by the Jan Mayen Fault Zone in the
southwest and west. The fracture zone separates the plateau from the Norwegian
Basin.

The surface water circulation in the study area includes two major northward
currents. The Norwegian Coastal Current (salinity less than 35‰, up to 32‰ in
summer) (Vogt, 1986) passes over the shelf, while the Norwegian Current (salinity
more than 35‰) transports Atlantic waters into the Norwegian-Greenland Basin.
The major branch of the current flows over the Vøring Plateau and the Norwegian
Basin. The water column of the studied region can be divided into the following
water masses (from top to bottom): the North Atlantic Surface Water with salinity
equal to 35‰ or more and temperatures of 9–10◦C in summer and 4.6–6.2◦C in
winter (Sarnthein et al., 2003); the Norwegian Sea Deep Water (salinity 34.92‰;
temperature < 0◦C); the Norwegian Sea Bottom Water (salinity ∼35‰, tempera-
tures from –1.4 to –0.9◦C). At present, the Norwegian Sea Deep Water washes the
Vøring Plateau summit (Fig. 8.17).

Sea ice is absent in the study area the whole year round. Even during the Little
Ice Age in 1800–1818, the eastern boundary of the sea ice was located far west of
the Vøring Plateau (Sarnthein et al., 2003).

The plateau is covered with a fine layer of calcareous clay with the CaCO3

content of 10–30% (Hebbeln et al., 1998). Carbonates are mainly composed of
planktonic foraminifers dwelling in the North Atlantic water column. Benthic
foraminifers and calcareous nannoplankton are subordinate. Diatoms are also
present. IRD is absent. Clay minerals are mainly represented by the illite-chlorite
assemblage (Berner, 1991). It is believed that the terrigenous sedimentary material
was mainly delivered from Norway and its continental margin (Hebbeln et al.,
1998). Thus, lateral (relative to the continental margin) transport of sedimentary
material has played a major role.

Fig. 8.17 Water-mass
stratification in the Vøring
Plateau area (Levitan et al.,
2005b). 1 – Bottom Water;
2 – Deep Water; 3 – Atlantic
Water; 4 – Norwegian Coastal
Water
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Fig. 8.18 Lithology, TOC and CaCO3 amount, and grain-size distribution in sediment core ASV
1372 (Levitan et al., 2005b). 1–8 – lithology: 1 – clayey mud, 2 – hardground, 3 – sandy-silty
clay, 4 – silty clay, 5 – sandy-silty-clayey mictite, 6 – marly mud (10–30% CaCO3), 7 – fragments
of dense clay, 8 – IRD; 9 – erosion boundary; 10–16 – color: 10 – brown, 11 – brownish-gray,
12 – olive-gray, 13 – greenish-gray, 14 – light gray, 15 – dark gray, 16 – light yellowish-gray;
17–19 – texture: 17 – homogenous, 18 – laminated, 19 – bioturbated. 14C dates concern iceberg
sediments from «Marion Dufresne» and «Jan Mayen» sediment cores (their location is shown at
Fig. 8.16)

Results of the study of sediment core ASV 1372 are presented in Figs. 8.18, 8.19,
8.20, 8.21 and 8.22 and Tables 8.3 and 8.4.

The obtained results allow us to identify the following lithostratigraphic units in
the cross-section (from top to bottom):

(1) Unit 1 (0–9 cm) is brown marly (33.7% of CaCO3) clayey silt (Fig. 8.19a)
with high content of TOC (0.62%) and water (63.5%). The wet bulk density is
low (1.60 g/cm3). This unit contains approximately 40% biogenic micro fossils
represented by the following varieties (in decreasing order): calcareous nanno-
plankton, planktonic foraminifers, diatoms, and sponge spicules). The contents
of planktonic and benthic foraminifers are 2100 and 600 tests/g, respectively.
The content of clastic mineral grains in >0.1 mm fraction is minor (approx-
imately 1000 grains/g). The benthic foraminifers are mainly represented by
Cassidulina teretis(up to 40%) and C. reniforme.

The abiogenic portion is mainly composed of the following clay minerals:
kaolinite (16%), smectite (18%), illite (29%), and chlorite (37%). Reconstruc-
tions based on planktonic foraminifer assemblages (Barash and Os’kina, 1978)
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Fig. 8.19 Examples of grain-size distribution (histograms) from sediment core ASV 1372 (Levitan
et al., 2005b). a–d – core depths of samples, cm: a – 0 – 3, b – 27 – 29, c – 82 – 84, d – 122 – 124

suggest that the mean annual sea surface temperature (SST) was 6◦C. These
temperatures are insufficiently high relative to the present-day measured SST.
In the Holocene, they probably corresponded to the pre-Boreal, according to
the chronostratigraphic scale for the last 14 ka (Merkt, 1999). Thus, Unit 1,
probably, corresponds to the earliest Holocene.

(2) Unit 2 (9–30 cm). This horizon is of complex structure and consists of the fol-
lowing layers (from top to bottom):
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Fig. 8.20 Concentration of mineral grains and foraminifers in the >0.1 mm fraction (Levitan
et al., 2005b). 1 – mineral grains, 2 – benthic foraminifers, 3 – planktonic foraminifers

9–11 cm. Dark grayish brown hardground (water content 35%)
11–22 cm. Pale grayish brown terrigenous clayey silt (9.73% CaCO3) with

a small amount of TOC (0. 31%) that becomes yellowish at the interval of
16–19 cm. Water content is 48%. The content of biogenic micro-fossils does not
exceed 5–6%, and siliceous microfossils disappear at the base. The unit includes
both rounded and angular quartz and feldspar grains, sandstone fragments, and
calcite crystallites (dissolution residue of planktonic foraminifer tests). Clay
minerals are mainly represented by a smectite–illite assemblage.

22–24 cm. Greenish gray intensely bioturbated terrigenous (4.91% CaCO3)
clayey silt with silt and sand and high TOC content (0.76%). The sediment is
slightly consolidated (water content ∼30%). This interval resembles the interval
11–22 cm in terms of composition.

24–29 cm. Olive-gray (10.8–11.4% CaCO3) bioturbated sandy-silty clay
(Fig. 8.19b) with a chalk fragment approximately 2 cm in size. The TOC content
is low (0.24–0.33%). The water content ranges from 38 to 42%. The number of
planktonic foraminifers is 250 tests/g. The benthic foraminifers are virtually
absent. The clastic component is abundant (up to 18000 grains/g). The benthic
assemblage is strongly depleted in Cassidulina and enriched in agglutinated
forms indicating an intense dissolution in the bottom layer. The content of clay
minerals is strongly variable. For example, the smectite content locally drops
to 11% due to increase in contents of kaolinite and chlorite up to 23 and 18%,
respectively.
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Fig. 8.21 Composition of
benthic foraminifer
assemblages in sediment core
ASV 1372 (Levitan et al.,
2005b). 1 – Islandiella spp.;
2 – Fissurina/Parafissurina;
3 – Elphidium clavatum;
4 – Cibicides wuellerstorfi;
5 – Epistominella exigua;
6 – Epistominella pusilla;
7 – Melonis barleeanus;
8 – Oridorsalis umbonatus;
9 – Cassidulina reniforme;
10 – Cassidulina teretis;
11 – other species

29–30 cm is characterized by intensively bioturbated sediments resembling
those at interval 22–24 cm. Contents of CaCO3 and TOC are equal to 6.07%
and 0.52%, respectively.

In a whole, sediments of Unit 2 are characterized by high content of reworked
pre-Quaternary benthic foraminifers. Based on the available data, we suggest
that these sediments have been accumulated during the Younger Dryas cooling
(Merkt, 1999).

(3) Unit 3 (30–70 cm) is olive or light gray, layered, very soft and stickysilty clay
(10.39–14.14% CaCO3, 0.17–0.27% TOC) with abundant clay lumps and sand
in the middle part (49–52 cm). The water content varies from 39 to 45%; wet
bulk density – from 1.57 to 1.59 g/cm3; content of planktonic foraminifers
increases down cross-section to as much as 1250 tests/g dry sediment at the
base. In the same direction, the number of benthic foraminifers also slightly
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Fig. 8.22 Reconstruction of annual SST based on planktonic foraminifers (Levitan et al., 2005b)

increases and reaches 200 tests/g at the base. The content of clastic compo-
nent is approximately 2000–3000 grains/g dry sediment and increases to nearly
10000 grains/g in the middle (coarser-grained) part. This unit includes numer-
ous C. teretis (up to 87% of the total assemblage), indicating the maximum
of Atlantic waters advection. The composition of clay minerals is variable.
Contents of smectite and illite are very low, while the chlorite content increases
in the middle part. Sediments of this unit probably formed during the Bølling-
Allerød warming episode, whereas sediments of the middle part accumulated
during the short-term Old Dryas cooling episode (Merkt, 1999).

Table 8.3 Physical properties in sediment core ASV 1372 [Levitan et al., 2005]

Lithostratigraphic
unit, cm Water content, wt. % Bulk density, g/cm3

1–5 63.5 1.6
31–35 39.48 1.59
58–62 44.57 1.57
86–90 18.62 2.13
121–125 42.56 1.59
165–169 43.31 1.57
233–237 43.7 1.55
251–255 44.86 1.52
268 24.4 –
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Table 8.4 Clay mineral composition in sediment core ASV 1372 [Levitan et al., 2005]

Core depth, cm Smectite Illite Kaolinite Chlorite

0–3 18.4 28.6 16.1 36.9
18–20 19.3 50.1 13.8 16.8
24–26 11.0 48.3 23.2 17.5
27–29 19.3 53.8 13.0 13.9
34–36 16.4 57.9 9.7 15.9
45–47 12.7 58.5 16.4 12.4
58–60 5.5 48.0 17.2 29.3
74–76 5.8 51.0 9.8 33.4
82–84 4.1 50.7 13.4 31.8
92–94 13.4 57.3 11.1 18.2

102–104 7.9 67.0 11.0 14.2
112–114 7.5 65.9 15.7 10.9
122–124 9.6 67.1 9.4 13.9
132–134 9.6 66.9 12.5 11.0
142–144 5.8 63.9 9.8 20.5
182–184 6.9 55.4 11.3 26.5
192–194 12.4 52.8 12.8 22.0
200–202 7.3 56.2 12.5 24.0
202–204 15.1 68.0 6.1 10.9
212–214 14.3 53.7 10.5 21.4
222–224 18.0 56.3 7.3 18.4
232–234 18.2 61.1 7.1 13.7
242–244 12.9 53.9 13.0 20.2
252–254 15.1 37.1 25.6 22.3

(4) Unit 4 (70–77 cm) is brownish gray terrigenous silty clay with silty–sandy
admixture and a rather compact dark brown hardground represented by grav-
elly mixtite (8.07% CaCO3 and 0.27% TOC) at the interval of 74–75 cm. In
terms of the composition of clay minerals, the hard ground resembles sediments
from the middle part of Unit 3. However, the kaolinite content is significantly
decreased.

(5) Unit 5 (77–95 cm) is dark gray gravelly mixtite or diamicton (Fig. 8.19c)
with abundant carbonates (fragments of shelf mollusk shells, 12–13%) and
TOC varying from 0.54% at the base of the unit to 0.25–0.38% at the top.
The unit is characterized by low water content (18.62%), high wet bulk den-
sity (2.13 g/cm3), abundant clastic component (up to 10000 grains/g), and
virtual absence of planktonic foraminifers. The benthic foraminifer assem-
blage is characterized by a low content of C. teretis (up to 16%) and
high contents of C. reniforme, Epistominella pusilla, E. exigua, and pre-
Quaternary and agglutinated forms. This implies both intense dissolution and
input of several species from the shelf. The clay mineral assemblage reflects
a change in their provenance in the course of the accumulation of sediments.
Layer 82–84 cm includes a smectite–kaolinite–illite assemblage, whereas layer
92–94 cm contains a kaolinite–smectite–chlorite–illite assemblage. The latter
layer is depleted in chlorite and represents iceberg-rafted sediment that probably
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corresponds to the HA1 layer in the adjacent cores (Dahlgren and Vorren, 2003)
and the Heinrich 1 (H1) layer in the North Atlantic (Hald, 2001).

(6) Unit 6 (95–129 cm) is light gray, slightly calcareous, soft and sticky clayey silt
(Fig. 8.19d). The carbonate content varies from 11.80 to 12.64%, while the TOC
content varies from 0.22 to 0.27%. The carbonates are represented by abundant
planktonic foraminifers (up to 500 tests/g at the base) and remains of calcareous
nannoplankton. The number of benthic foraminifers does not exceed several
dozen tests/g, and the content of C. teretis is approximately 60%. The con-
tent of clastic component varies from 2000 to 4000 grains/g. The water content
slightly increases downward the section (42.56% at 121–125 cm), and the wet
bulk density is 1.59 g/cm3. Clay minerals are mainly represented by a smectite-
kaolinite-chlorite-illite assemblage with a very high content of illite and low
content of smectite. It should be emphasized that the zone below the level of
129 cm is characterized by a significant warming of the surface water column.
Thus, this level possibly marks the LGM termination. The average water content
is 43.31%. The wet bulk density is 1.57 g/cm3. The clay mineral assemblage
is very variable. The upper and lower parts are characterized by abundance
of smectite and low contents of chlorite and kaolinite, while the middle part
(142–202 cm) is depleted in chlorite (and illite) and enriched in chlorite. Tem-
perature of the surface water column did not exceed 3◦C. The sediments, pre-
sumably, correspond to the LGM episode.

(7) Unit 7 (129–204 cm) is gray clayey silt with some admixture of sand and gravel.
The CaCO3 content varies from 9.73 to 11.98%; the TOC, from 0.22 to 0.36%.
Content of clastic component (including dolomite “rhombs”) is increased (up
to 6000 grains/g at the base). The number of planktonic foraminifers does
not exceed 420 tests/g. Content of benthic foraminifers is very low. The con-
tent of C. teretis rapidly decreases downward the section, while the content of
O. umbonati s and M. barleeanus increases.

(8) Unit 8 (204–266) cm is characterized by gray clayey silt (with silty-sandy
admixture), sandy-silty, and silty-sandy clays with local gravel dissemination.
The average content of clastic material is approximately 6000 grains/g. Glau-
conite grains and rare fragments of shelf mollusk shells are also found. At
the base of the unit, the color of sediments changes to dark brownish gray.
The CaCO3 content varies from 8.23 to 14.30%, and the highest carbonate
content at interval 230–235 cm is related to a very high number of plank-
tonic foraminifers (as much as 3600 tests/g). Such interlayers are known in
the Norwegian–Greenland Basin as “Nordway Events” (Vorren et al., 1998)
or “High Productivity Events (HP)” (Hald, 2001). The possibility of corre-
lation of the HP1 layer (Hald, 2001), which is slightly enriched in benthic
foraminifers, with the Dansgaard–Oeschger 2 event will be considered below.
The variation of benthic foraminifer assemblages is very regular. The content
of C. teretis increases from the base of the unit to as much as 75% at interval
230–235 cm and then decreases to 3% at the top of the interval. This interval is
virtually devoid of E. clavatum that is abundant in the overlying sediments. The
TOC content varies from 0.27 to 0.31%. The water content and wet bulk density
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are 43–45% and 1.52–1.55 g/cm3, respectively. The clay mineral assemblage is
generally dominated by smectite and illite, with the illite content decreasing
toward the base. The content of kaolinite and chlorite is variable. Paleotemper-
atures of surface waters range from 2.5 to 3.5◦C, suggesting the accumulation
of sediments during the LGM.

(9) Unit 9 (266–268 cm). The base of this unit includes iceberg-rafted dark gray
gravelly mixtite (diamicton) with low water content (24.4%). According to
(Dahlgren and Vorren, 2003), the wet bulk density is as high as 1.92 g/cm3 in
the HA2 layer. These sediments contain numerous sand-sized grains of quartz,
feldspars, glauconite, dark-colored minerals, rock clasts, and mollusk shell frag-
ments (as much as 8000 grains/g). The clayey fraction is enriched in very fine
clastic material and depleted in clay minerals. The CaCO3 content is 3.57%,
while the TOC content is high (1.09%). Planktonic foraminifers are virtually
absent. The benthic foraminifers are dominated by pre-Quaternary and agglu-
tinated forms. The clay mineral assemblage is characterized by a very low
content of smectite, high contents of chlorite and illite, and a moderate con-
tent of kaolinite. Based on literature data, these sediments, possibly, correspond
to the HA2 layer (Dahlgren and Vorren, 2003) that does not coincide in age with
the Heinrich 2 (H2) layer (Hald, 2001) and predates the LGM event.

Age Model, Sedimentation Rates, and Mass Accumulation Rates

If we assume that Unit 1 (0–9 cm) corresponds to the pre-Boreal, its age should
range between 9.0 and 11.5 cal. kyrs BP (Klitgaard-Kristensen et al., 2001). Cor-
respondingly, sedimentation rate is equal to 3.6 cm/ky (or more if the unit includes
only the pre-Boreal section). In this case, the mass accumulation rate of terrigenous
material (without CaCO3 and TOC) is equal to 1.38 g/cm2/ky. Mass accumulation
rates of CaCO3 and TOC are 0.71 and 0.013 g/cm2/ky, respectively. One should take
into consideration that the biogenic opal makes up 3–5% and is included in the ter-
rigenous material composition. If the biogenic opal is omitted, mass accumulation
rate of the terrigenous material is equal to 1.30 g/cm2/ky (Table 8.5).

Unit 2 (9–30 cm), probably, corresponds to the Younger Dryas. This is suggested
by the presence of regional hardground at the top of this unit in the eastern Nor-
wegian Sea and on the Yermak Plateau (Levitan et al., 2000). Moreover, the two-
member structure of this unit noted above is typical for the Younger Dryas on the
Vøring Plateau (Dahlgren and Vorren, 2003). If we accept that the studied core
includes the complete stratigraphic volume of the Younger Dryas, the age of its
top and bottom corresponds to 11.5 and 12.7 cal. kyrs BP, respectively (Klitgaard-
Kristensen et al., 2001). Then, the sedimentation rate reaches 17.5 cm/ky. Mass
accumulation rates of terrigenous material, carbonates, and TOC are 16.44, 1.56,
and 0.078 g/cm2/ky, respectively (Table 8.5). As it was mentioned above, biogenic
opal is absent in both the studied and older sediments.

Unit 3 (30–70 cm) and, probably, Unit 4 (70–77 cm) correspond to the
Bølling/Allerød episode in our model, i.e., the period of 14.4–12.7 cal. kyrs BP
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Table 8.5 Sedimentation rates and mass accumulation rates of major sediment components in
sediment core ASV 1372 [Levitan et al., 2005]

Mass accumulation rate,
g/cm2/kyLithostratigraphic

unit Interval, cm
Sedimentation
rate, cm/ky Terrigenous CaCO3 TOC

1 0–9 3.6 1.3 0.71 0.013
2 9–30 17.5 16.44 1.56 0.078
3 30–77 27.6 22.4 2.84 0.061
4 77–95 4.9 7.43 1.07 0.032
5 95–129 30.9 24.62 3.47 0.071
6 129–204 34.7 27.46 3.41 0.087
7 204–266 34.7 26.46 3.3 0.086
8 266–268 6.9 9.55 0.36 0.011

(Klitgaard-Kristensen et al., 2001). This conclusion is supported not only by results
of the foraminifer analysis presented above, but also by the age of the underlying
unit in adjacent cores from the Vøring Plateau (Dahlgren and Vorren, 2003). More-
over, the middle part of this unit contains an interlayer of coarser-grained sediments
with the characteristic clay mineral composition that can logically be related to the
Older Dryas cooling 13.9–13.6 cal. kyrs BP (Klitgaard-Kristensen et al., 2001). The
presence of hardground (74–75 cm) suggests a hiatus of uncertain duration. It is
impossible to confidently judge about this hiatus without datings. Therefore, cal-
culations of sedimentation rate and mass accumulation rates were based on the
assumption of a virtual lack of hiatus. Thus, we obtained the following values
(Table 8.5): sedimentation rate is 27.6 cm/ky; mass accumulation rate of terrige-
nous material, CaCO3, and TOC are 22.40, 2.84, and 0.061 g/cm2/ky, respectively.
If the hiatus is present, all calculated values will naturally increase.

The corrected age of Unit 5 (77–95 cm) composed of iceberg-rafted sediments
was dated in several cores of the study region, is 12.90–15.57 14C ky (Dahlgren and
Vorren, 2003) or 14.34–18.00 cal. kyrs BP (Stuiver et al., 1998). Consequently, sedi-
mentation rate is 4.92 cm/ky, while mass accumulation rates of terrigenous material,
CaCO3, and TOC are equal to 7.43, 1.07, and 0.032 g/cm2/ky, respectively. A simi-
lar unit is recorded at approximately the same level in two adjacent cores (Dahlgren
and Vorren, 2003).

Unit 6 (95–129 cm) is composed of sediments attributed to the early deglaciation
phase formed 18.0–19.1 cal. kyrs BP (Dahlgren and Vorren, 2003; Weinelt et al.,
2003). These values yield a sedimentation rate of 30.9 cm/ky. Mass accumulation
rates of terrigenous material, CaCO3, and TOC are equal to 24.62, 3.47, and
0.071 g/cm2/ky (Table 8.5).

According to our reconstructions, Unit 7 (129–204 cm) belongs to sediments
of the later half of the LGM period. The age of its base (21.26 cal. kyrs BP) has
been tentatively determined based on sedimentation rate during the LGM, on the
whole (Dahlgren and Vorren, 2003), and thickness of the unit. Results of the cal-
culation indicate very high values of all estimated parameters: sedimentation rate is
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34.7 cm/ky; mass accumulation rates of terrigenous material, CaCO3, and TOC are
27.46, 3.41, and 0.087 g/cm2/ky, respectively.

Sediments of Unit 8 (204–266 cm) formed during the earlier half of the LGM.
The base of this unit is 23.05 cal. kyrs BP old. The sedimentation rate is similar to
that of Unit 7. Mass accumulation rates of terrigenous material, CaCO3, and TOC
are also similar (26.46, 3.30. and 0.086 g/cm2/ky, respectively). Calendar age of
sediments with a high content of planktonic foraminifers (230–235 cm) turns out
to be 1.40 ky younger than the Dansgaard-Oeschger 2 event in the North Atlantic
(Weinelt et al., 2003). Therefore, these sediments cannot be correlated with the latter
event.

Unit 9 (iceberg-rafted sediment) has only been retrieved in the upper part
(266–268 cm). Corrected ages reported in literature for the top and bottom of anal-
ogous units in the adjacent cores are 20.06 and 21.2 14C ka, respectively (Dahlgren
and Vorren, 2003). Comparison of unit calendar age with an age of layer H2 in the
North Atlantic (Thiede and Tiedemann, 2001) shows that iceberg-rafted sediments
in the Norwegian Sea are nearly 2 ky younger than their counterparts in the North
Atlantic (Hald, 2001). Calculations based on these parameters indicate that mass
accumulation rates of terrigenous material, CaCO3, and TOC are equal to 6.9 cm/ky,
9.55, 0.36, and 0.011 g/cm2/ky, respectively.

The character of mass accumulation rates of all components of bottom sediments
is governed by the sedimentation rate. The highest sedimentation rates are recorded
for the LGM. In general, the sedimentation rate decreases upward the section and is
notably lower in the iceberg-rafted sediment.

Since the sediments are mainly composed of terrigenous material that, in turn,
is primarily delivered from central Norway and its shelf (see discussion below),
the sedimentation rate history is primarily a function of the evolution of deliv-
ery of terrigenous material in the course of glaciation in the study region. This
inference is consistent with results of the analysis of sedimentation rate history in
the Norwegian–Greenland Basin during the last climatic cycle (Levitan and Stein,
2005).

Differences in the CaCO3 distribution along the section were described above.
They suggest that carbonates are represented by planktonic foraminifer remains with
a minor contribution of benthic foraminifers. However, the role of calcareous nanno-
plankton significantly increased in the Holocene. IRD was dominated by fragments
of shelf mollusk shells, whereas foraminifers were dissolved. The LGM sediments
locally include dolomite “rhombs” repeatedly described as a clastic material from
the eastern Norwegian Sea (Vogt, 1997).

Distribution of TOC in the core section (Fig. 8.18) shows that sediments enriched
in IRD (Younger Dryas iceberg-rafted sediment) are also enriched in organic car-
bon, suggesting the primarily terrigenous nature of organic matter in the studied
sediments. At the same time, the TOC distribution indicates that other intervals of
the section are dominated by marine organic matter. This fact is known way back for
the eastern Norwegian Sea (Vogt, 1997). These specific features of the distribution
of carbonate and organic carbon should be taken into consideration in the qualitative
or quantitative reconstructions of paleoproductivity.
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History of Sedimentation

At first, we consider some methodical aspects related to clay mineral data inter-
pretation. Correlation analysis revealed the absence of positive correlation between
any pair of clay minerals; i.e., each major clay mineral has its own source province.
Significant negative correlations are noted for the following pairs of clay minerals:
smectite/chlorite (–0.62), illite/chlorite (–0.72), and illite/kaolinite (–0.61).

Study of clay mineral distribution in surface sediments of the Norwegian Sea
(Berner, 1991) and analysis of our core data (Table 8.4) demonstrated that smectite is
primarily derived from Iceland and sediments of the Iceland shelf. Kaolinite is prob-
ably delivered from the North Sea, as suggested by kaolinite content in sediments of
the Younger Dryas that contains a chalk fragment. J. Bischof (2000) demonstrated
that the chalk might be delivered as IRD to the Norwegian-Greenland Basin only
from the North Sea due to erosion and abrasion of the chalk formation in Denmark,
southern Norway, and Great Britain. Chlorite is probably derived from Paleozoic
rock of central Norway and is concentrated in the iceberg-rafted sediment.

Finally, illite is presumably derived from Mesozoic rock developed on the central
Norwegian shelf (Bischof, 2000). This is indicated, for example, by the considerable
content of illite in sediments accumulated during the late LGM and early deglacia-
tion. Of course, one should take into consideration that each of the provinces men-
tioned above delivers not only the major clay mineral, but also a certain amount
of other minerals. Our data on the Vøring Plateau revealed differences in the dis-
tribution of clay minerals, relative to the central Norwegian-Greenland Basin that
received kaolinite mainly from the Barents Sea (Kuhlmann et al., 1993). In both
areas, smectite is concentrated in sediments formed under relatively warm condi-
tions. Provenance of clay minerals has not changed during the geological history,
but their transport agents and, sometimes, transport pathways changed. At present,
for example, the studied region is devoid of sea ice or icebergs that played a signifi-
cant role during glaciation period.

Let us consider sedimentation history of the study region in the chronological
succession (Levitan and Stein, 2005), taking into account that ideas on advection of
Atlantic waters are based on mass accumulation rates of CaCO3 combined with the
data on carbonate development and results of foraminifer analysis (Fig. 8.23).

Iceberg-rafted sediment (HA2) accumulated at the end of the Late Weichselian
Fennoscandian Ice Sheet growth (Hald, 2001). The western margin of the ice sheet
was located at that time in the central Norwegian shelf area (Dahlgren and Vorren,
2003). These facts convincingly indicate that central Norway and its shelf served
as the major source province. Sedimentation rates and mass accumulation rates of
major sedimentary components were rather low. Transport agents were primarily
represented by icebergs that were widespread during surges, i.e., large-scale breakup
of marine margins of ice sheets. Appearance of huge freshwater masses owing to
the melting of icebergs promoted a strong stratification of the water column, result-
ing in a nearly complete breakdown of thermohaline circulation (Sarnthein et al.,
2001), and rapid precipitation of clay minerals due to changes in their charges
during the interaction of melted water with sea water. The sea surface over the
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Fig. 8.23 Compilation of data on mass accumulation rates and source provinces of terrigenous
matter as well as advection of Atlantic Water in the area of sediment core ASV 1372 for the time
interval 9–14 cal. kyrs. BP (Levitan et al., 2005b)

Vøring Plateau was covered with icebergs and sea ice. Also, one cannot rule out
the existence of small areas of open sea that are essential for the formation and
drift of icebergs. Benthic foraminifers and relatively high kaolinite content sug-
gest that input of Atlantic surface waters from the south was insignificant at that
time, because these waters were located in the subsurface layer (Bischof, 2000). The
extremely low smectite content implies that sedimentary material was not delivered
to the Vøring Plateau area from Iceland. High TOC contents in sediments promoted
intense input of CO2 into the bottom water during diagenesis and dissolution of
carbonate foraminifer tests.

The formation of iceberg-rafted sediment was postdated by more severe climatic
conditions and onset of the LGM. The western boundary of the Fennoscandina-
vian ice sheet shifted to the shelf edge (Dahlgren and Vorren, 2003). The area
occupied by open sea and number of icebergs have been abruptly decreased. Sed-
imentary material was mainly transported by sea ice and sub-ice flows that deliv-
ered sedimentary material to the continental slope owing to the “bulldozer” effect
during oscillations of the glacier edge. Consequently, sedimentation rates and sed-
imentary material fluxes have been sharply increased. This is also indicated by
the abundance of M. barleeanus. Terrigenous material was actively delivered by
icebergs from central Norway at the initial LGM stage. This was followed by an
abrupt enhancement of delivery from the shelf province. High smectite content sup-
ports the early LGM scenario proposed by (Sarnthein et al., 2000), according to



History of Sedimentation 103

which the Atlantic waters flowed to the Norwegian–Greenland Basin mainly via
the passage between Iceland and Greenland, abruptly turned to east in the Ice-
land Plateau area, and reached the Vøring Plateau. This is indicated by very high
content of C. teretis that decreased only during the onset and end of the period
corresponding to the first half of the LGM. Judging from maximal contents of
O. umbonatis, the bottom water was very cold (probably, less than 0◦C). The
extremely irregular distribution of kaolinite in sediments of the lower LGM implies
that the Atlantic waters could occasionally penetrate from the North Sea. In par-
ticular, sediments of HP1 with abundant planktonic foraminifers are also enriched
in kaolinite. It is possible that these sediments were deposited according to the
following scenario suggested by (Bischof, 2000): the influence of catabatic winds
promoted the formation of polynyas and development of zones with high primary
production therein.

In the second half of the LGM, icebergs completely disappeared from the Vøring
Plateau and gave way to an almost permanent ice cover. The participation of sub-ice
material promoted the fast accumulation of fine sediments mainly dominated by
materials from the central Norwegian shelf. In particular, variations in contents of
allochthonous benthic foraminifers E. clavatum and C. reniforme record oscilla-
tions in the supply of sedimentary material. This period was marked by a lower
contribution of the Iceland branch of Atlantic waters and a higher contribution of
the North Atlantic branch. The distribution of O. umbonatis suggests a gradual and
irregular increase in temperature of the bottom water. High contents of C. teretis
indicate a simultaneous intensification of the advection of Atlantic intermediate
waters.

During the early deglaciation, the bottom water temperature virtually did not dif-
fer from the late LGM temperature, while the surface water temperature gradually
increased. At the same time, IRD were absent in sediments. The sea surface was
completely covered with sea ice that was probably thinner than in the LGM. Sedi-
mentary material was mainly delivered by sub-ice flows formed during the melting
and eastward retreat of the ice sheet margin toward the shelf. They supplied the
nepheloid layer with very fine suspended matter including downslope density flows.
This mechanism was less powerful than the sedimentary material transport during
the LGM. Therefore, sedimentation rates and mass accumulation rates were lower.
Actually, the subsurface circulation at this time did not differ from the late LGM
pattern.

The process of deglaciation was interrupted by deposition of iceberg-rafted sedi-
ments over more than 3.5 ky. The scenario of this process was very similar to that of
HA2 described above. Both layers are similar with respect to grain-size distribution,
physical properties, TOC content, carbonate composition, low sedimentation rates,
and sedimentary fluxes. Differences are mainly related to a significantly greater sed-
iment thickness of HA1, which makes it possible to judge about several variations
during HA1 development. For example, the middle interval was marked by a notable
short-term warming of subsurface waters, intense input of allochthonous shallow-
water benthic foraminifers and iceberg-rafted material from central Norway, and
an almost complete termination of the Atlantic water input from the Iceland
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branch. These data confirm the interpretation of paleoceanographic evolution and
change of source provinces during accumulation of Heinrich layers (Scourse et al.,
2000).

The Bølling-Allerød warming period was accompanied by an increase in SST.
Judging from the high content of C. teretis, the Vøring Plateau area was character-
ized by the most intense advection of Atlantic warm saline waters in the studied
geological time interval. Allochthonous benthic foraminifers virtually disappeared.
By the end of this period, the ice sheet margin retreated to land and iceberg calv-
ing ceased. Consequently, the input of Iceland sedimentary material increased due
to the contribution of surface currents. During the middle Bølling-Allerød warm-
ing period, a short-term (300 yr) cooling episode of Old Dryas intensified the
formation of sea ice and the input of sedimentary material by the North Atlantic
branch of Atlantic waters. Bottom sediments of this period are characterized by
a coarser grain-size distribution relative to the early deglaciation period, suggest-
ing an abrupt reduction of the sea ice cover (up to the point of its disappearance
by the end of this period), and probable acceleration of bottom currents. One can-
not rule out that intensification of hydrodynamic activity of the bottom layer was
responsible for the hardground formation at the Bølling-Allerød base and the hia-
tus. However, we do not know the duration of this episode. In general, sedimen-
tation rates and sedimentary material fluxes during this period were considerably
lower relative to those during the early deglaciation and higher relative to HA1
values.

The two-stage Younger Dryas cooling promoted a short-term formation of sea
ice. However, data on IRD and clay minerals suggest the apparent absence of ice-
bergs during this period. The advection of Atlantic waters notably decreased, and the
lateral input of allochthonous benthic foraminifers from the shelf slightly increased.
Dissolution of foraminifer tests could also slightly increase, for example, due to
increase of the TOC content of sediments. The episode of hardground formation at
the end of the Younger Dryas may indicate a notable reduction of sedimentation
rates and acceleration of bottom currents. As was mentioned above, sedimentation
rates and sedimentary material fluxes during the Younger Dryas were lower than
those during the Bølling-Allerød warm period.

Thus, the major conditions of sedimentation in the early Holocene were already
similar to the present-day ones. Rapid reduction in terrigenous material fluxes
against the background of decrease in sedimentation rates and sedimentary material
fluxes provoked an abrupt increase in the content of biogenic sedimentary compo-
nents (HPE-0, according to (Hald, 2001)). The warming could be accompanied by
increase of primary production of siliceous algae. The Arctic Front migrated to the
west and reached the Vøring Plateau longitude (judging from the sufficiently high
smectite content). The formation of sea ice and icebergs ceased. The Atlantic water
dominated in the surface water. The lateral transport of sedimentary material is also
indicated by the high content of C. reniforme in the benthic foraminifer assemblage.
Later on, the Arctic Front migrated further to the west and blocked the intervention
of smectite into the Vøring Plateau area.
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Lithostratigraphic Correlation

Analytical data used for the lithostratigraphic correlation are given in publications
cited in the section “Materials and Methods” of the present study. Among the studied
cores, three cores (ASV 1081, ASV 1085, and ASV 1372) are located on the Vøring
Plateau, while two cores (ASV1082 and ASV 1084) are retrieved from the lower
part of the continental slope. Not all marker horizons are traceable in these cores:
hardground layers are primarily confined to the plateau itself; turbidite interlayers
are only detected on continental slopes; and nearly black hydrotroilite-rich layers
are recorded only in cores ASV 1081 and 1085. Finally, a 18-cm-thick volcanic ash
layer was only found in sediment core ASV 1082 beneath the Holocene sequence.
Judging from its stratigraphic position, this layer may be related to the regional
Vedde volcanic ash with the age estimated at 10600 14C yr (Dahlgren and Vorren,
2003).

Figure 8.24 shows schematic correlation of cores retrieved during cruises of the
R/V Academik Sergey Vavilov. IRD are present in all cross-sections. We could not
detect sediments older than HA2 on the Vøring Plateau, whereas iceberg-rafted sed-
iments with an age up to HA4 have been found on its slope (Core ASV 1084). The
same trend is typical of carbonate-rich sediments: their age is restricted by HP1 and
HP3 on the Vøring Plateau and its slope, respectively.

The thickness of the Holocene section ranges from 5 to 20 cm. Thickness of
iceberg-rafted sediments varies from several centimeters to 28 cm. Turbidite cyclites
are also characterized by similar thicknesses. In general, thickness of synchronous
sediments along the profile is notably variable (for example, between HA1 and
HA2), reflecting the intricate history of sedimentary material delivery from various
sources and redistribution of sediments on the seafloor under the influence of diverse
currents and flows. In addition, cross-sections from the continental slope show that
turbidites often overlie iceberg-rafted sediments. On the Vøring Plateau summit,
the iceberg diamicton is overlapped by sediments enriched in coarse-grained clastic
material. The termination of surges could be accompanied by dilution of the asso-
ciated suspension to concentrations sufficient for the formation of relatively coarse-
grained sediments on the plateau and turbidites on the slope.

Thus, one can affirm that the oldest sediments in cores retrieved from the Vøring
Plateau are only slightly older than HA2 sediments. As it was already noted, bot-
tom sediments from the lower part of the continental slope contain much older sed-
iments that can be referred to iceberg-rafted sediments of the HA3 layer with a
corrected age of 25.12–27.00 14C ky and the HA4 layer with a corrected age of
33.30–35.08 14C ky (Dahlgren and Vorren, 2003). Thus, if we take into considera-
tion the core length, average sedimentation rates on the Vøring Plateau during the
last 25 cal. kyrs BP were higher relative to those on the lower continental slope,
probably, because of the steepness of the slope. This circumstance was also respon-
sible for the development of turbidites on the continental slope.

The sedimentary sequence in the upper part of the continental slope between
diamictons HA1 and HA2 includes debris-flow deposits (poorly sorted clastic mate-
rial) that correspond to the LGM moraine on the shelf (Dahlgren and Vorren, 2003).
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Fig. 8.24 Lithostratigraphic correlation of sediment cores along the Vøring Plateau latitudinal
transect (see Fig. 8.16 for location of sediment cores) (Levitan et al., 2005b). 1 – iceberg deposits,
2 – “high productivity” sediments enriched in CaCO3, 3 – turbidites. For letter designations see
text. In parentheses – water depths, m
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Fig. 8.25 Comparison of main paleoceanographic events in the Nordic Seas, glaciation history of
Svalbard and western Scandinavia, insolation change at 78◦ N, and oxygen-isotope record of the
Greenland Ice Core during the last climatic cycle (Hald, 2001)

When the glacier reached the continental shelf edge, the moraine saturated with
water was transported downslope as debris flow. The shelf sediments also include
some sandy interlayers deposited in the proximal periglacial zone.

Thus, specific features of climate changes in Fennoscandia during the last glacial
cycle (Fig. 8.25) are reflected in structural properties and compositions of sediments
accumulated on the Vøring Plateau and adjacent areas of the continental margin off
central Norway. Iceberg-rafted diamictons HA4-HA2 accumulated during surges of
the Fennoscandian Ice Sheet edge, whereas sediments of HA1 were deposited dur-
ing the onset of the ice-sheet breakup. The timing of LGM is recorded by moraine
complexes on the shelf, debris-flow deposits on the upper continental slope, and
sand-rich sediments on the Vøring Plateau. Turbidites make up paragenetic com-
plexes with iceberg-rafted sediments on the lower continental slope. The study of
foraminifers and clay minerals indicated that the intricate (in terms of both quali-
tative and spatial structure) advection of Atlantic waters in the Vøring Plateau area
during the last 25 ka was governed by climate changes. At the growth stage, the
Fennoscandian Ice Sheet was relatively independent of the Laurentide Ice Sheet,
whereas the breakup of both sheets was nearly synchronous. Our results confirmed
the previous inference concerning a crucial role of the Northern Hemisphere glacia-
tion in sedimentation processes within the Norwegian–Greenland Basin during the
last glacial cycle (Levitan and Stein, 2005).

History of Sedimentation at the Continental Margin of Eastern
and South-Eastern Greenland During the Last 130 ka

History of sedimentation in this particular region is examined based on sediment
cores located along a number of cross-sections at the Greenland continental mar-
gin between 68◦ and 72◦ N (Fig. 8.26). These cores were retrieved during RV
Polarstern cruises in 1988, 1990 and 1994 and were described in detail in a number
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Fig. 8.26 Location of studied sediment cores at the East Greenland continental margin off
Scoresby Sund (Nam et al., 1995)

of publications (Evans et al., 2002; Funder et al., 1998; Nam et al., 1995; Nam and
Stein, 1999; Stein et al., 1996).

As already mentioned above, the East Greenland Current directed toward the
south prevails in the surface water mass, bringing cold (lower than 0◦C) and slightly
freshened (less than 34.4‰) waters from the Arctic Ocean. These waters at a depth
of approximately 200 m are underlain by the weak (to 150–160 m thick) layer of
the Arctic Intermediate Waters, warmer (0–2◦C) and salty (34.5–34.8‰) (Andrews
et al., 1996). The colder deep waters of the Greenland Sea and finally bottom waters
are located below. Ice cover exists nine months a year (from October to the end of
June), moreover minimal size of sea-ice area occurs in September and maximum in
March (Nam and Stein, 1999). The summer edge of continuous ice is located to the
west of the Polar Front and the winter boundary – to the west of the Arctic Front
(Fig. 8.2). Icebergs, in essence, are supplied from the Greenland ice sheet along
the fjord systems, which emerge in the shelf, and further on are caught by the East
Greenland Current.

Terrigenous bottom sediments that have been accumulated during the last glacial-
interglacial cycle are mainly layers of silty-clayey mud and sandy clays, in which
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gravel-sized material is found in various proportions (Nam et al., 1995). From the
point of view of genetic type sediment studies, a development of different moraine
varieties of the last glaciation in the fjords and in the internal shelf is obvious. Fine-
layered sediments of deglaciation lie on top of the moraines, and in some areas
there are bioturbated pelitic silts in shelf depressions. In the upper part of the con-
tinental slope there are numerous bodies, formed by sedimentary mass flows; at the
lower continental slope there are layers of hemipelagic fine sediments, which con-
tain a small amount of coarse-grained IRD, with sporadically developed interlayers
of debris flows and turbidites (Evans et al., 2002). At the lowermost continental
slope and at the continental rise contourites were discovered by means of seismoa-
coustic profiling (Rasmussen et al., 2003). Complete absence of carbonate or marl
sediments should be noted.

Sediment age of the upper part of the cross-sections is established by numerous
AMS14C-radiocarbon datings and for underlying sediments by oxygen-and carbon-
isotope stratigraphy (Andrews et al., 1996; Evans et al., 2002; Funder et al., 1998;
Nam and Stein, 1999; Stein et al., 1996). According to (Funder et al., 1998), the
Langelandselv Interglaciation period (MIS 5e), when summer temperatures were
higher than Holocene optimum by 2◦–3◦S, sea level has exceeded the modern level
by 20 m, and sediments on the continental slope contained noticeable quantities of
the secretion benthic foraminifers Cibicides wuellerstorfii (just as in MIS 1). The
Holocene sediments, furthermore, have an increased content of dinoflagellates and
coccoliths (Matthiessen and Baumann, 1997).

Meaningful results were obtained by IRD studies, which were calculated on
radiographs (quantity of particles >2 mm in size for 10 cm3) (Nam and Stein, 1999;
Stein et al., 1996). IRD enrichments in interlayers are concentrated in the sediments
of the Weichselian interval (MIS 5d–2). A more detailed examination of sediments
of the last 60 ka (Fig. 8.27) showed that such interlayers were concentrated in the
sediments, which have been accumulated during an active advance and intensive
retreat of the Greenland Ice Sheet in the Late Weichselian, i.e., there are the same
regularities, which were noted for the eastern continental margins of the studied
basin in the previous chapter. Furthermore, there was a correspondence between
accumulation of the majority of interlayers with periods of atmosphere temperature
drop, recorded in the ice core of Greenland (Fig. 8.28). Some interlayers are syn-
chronous to the Heinrich layers in the North Atlantic, some are not, but in essence
they have been accumulating approximately in 1 thousand years, in contrast to the
Heinrich layers, which are divided approximately by 10 thousand years (Stein et al.,
1996).

Sedimentation rates and mass accumulation rates of sedimentary material as a
whole and separately of sandy-gravel fractions (>63 μm) in the studied region are
distributed in accordance with the descriptions given above, i.e., all these parameters
have been growing from MIS 5 to MIS 2 and sharply fall in MIS 1 (Figs. 8.29 and
8.30).

Thus, the following very similar regularities are characteristic for the sedimen-
tation history of the continental margins of the Norwegian-Greenland Basin during
the last climatic cycle:
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Fig. 8.27 Comparison of paleoproductivity and IRD in the North Atlantic during the last 60 ka
(Sarnthein et al., 2001)
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(1) dominance of terrigenous material delivery in the lateral direction from the adja-
cent continental margins;

(2) connection of episodes of intensive delivery of iceberg material with periods of
advance and retreat of the ice sheet;

(3) actual synchronization of these events for both margins, in spite of the much
greater dynamics of glaciation at the eastern continental margin;

(4) increase of biogenic component role in the sediment composition, which have
been accumulated during interglacial period in comparison with the sediments
of glacial epochs.

The most essential difference is obvious by the absence of carbonate (marla-
ceous) layers in the west of the basin in contrast to its eastern part. A special study
of interglacial sediments based on the example of the sediments, which have been
developed in the Norwegian-Greenland basin during MIS 11, MIS 5 and Holocene,
allowed H. Bauch (oral communication, 2006) to make a conclusion about a clearly
expressed trend of mean temperature and paleoproductivity increase upward the
cross-section.
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Consequently, for the duration of the entire studied period in the Norwegian-
Greenland Basin the character of sedimentation processes practically has not
changed, that was caused by the preferred delivery of terrigenous material by
glaciers from the western and eastern continental margins, by dominance of the
cold East Greenland Current directed southward in the west and the Norwegian
warm waters directed northward – in the east (Hebbeln et al., 1998). The men-
tioned phenomena, in particular, the “Nordway events” and growth of the role of
“Irminger” branch of the Norwegian Current during maximum of the last glacial
cycle, in essence, did not change the regularities of sedimentation particularities.



Chapter 9
The Arctic Ocean

The Arctic Ocean consists of extensive shelf seas, continental slopes, continental
rises (in the sum of the components composing the continental margins) and deep-
sea floor, which is made of ridges of different genesis and deep-water basins. In this
chapter we not will examine the history of sedimentation in the continental shelves,
since their more detailed description is given in the subsequent chapters. Based on
(Jacobson et al., 2004) the total area of the Arctic Ocean is 9534 thousand km2

which can be divided into the shelves (5025 thousand km2 or 52.7%), the continental
slopes (541 thousand km2 or 5.7%), the continental rise (1095 thousand km2 or
11.5%), the ridges (1506 thousand km2 or 15.8%), and the deep-water basins (1367
thousand km2 or 14.3%). The Arctic Ocean in the west is limited by the Fram Strait
(connection to the Atlantic Ocean) and in the east by the Bering Strait (connection
to the Pacific Ocean), and is bordered by the continents of Eurasia, North America
and North Greenland.

Recent Environment

Morphostructure, Oceanographic and Sea-Ice Setting, Recent
Sediments and Their Mineral Composition

The deep-sea floor consists of the following basic morphostructural elements
consecutively from the Fram Strait to the Bering Strait: the Nansen Basin, the
Gakkel Ridge, the Amundsen Basin, and the Lomonosov Ridge (the components
the Eurasian Basin having a Cenozoic age), and the Makarov Basin, the Alpha-
Mendeleev Ridge, and the Canada Basin (the components of the Amerasian Basin
having a the Late Jurassic – Early Cretaceous age) (Fig. 9.1). It is well known
that the Lomonosov ridge is a microcontinent. The remaining above-mentioned
structures, most likely but still under discussion, have an oceanic crust of different
structure. On average the sea floor of the deep basins has a water depth of about 3.5–
4.2 km whereas the depth of the ridges varies between about 1.0 km (Lomonosov
Ridge) and about 3.4 km (Gakkel Ridge).

M.A. Levitan, Y.A. Lavrushin, Sedimentation History in the Arctic Ocean and Subarctic
Seas for the Last 130 kyr, Lecture Notes in Earth Sciences 118,
DOI 10.1007/978-3-642-00288-5 9, C© Springer-Verlag Berlin Heidelberg 2009
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Fig. 9.1 Elements of the Arctic Ocean morphostructure (Johnson, 1990)

In winter times, the ocean surface is covered with ice (in the most severe winters
the total area of sea-ice cover of the Northern Hemisphere has reached 15.1 million
km2), while in summer times this area is substantially less (about 8.4 million km2 in
the warmest summer seasons) (Fig. 9.2) (Macdonald et al., 2004). The sea-ice cover
has steadily been decreasing during 20th century (based on average annual obser-
vations as well as for summer and winter seasons separately) (Macdonald et al.,
2004). Its average thickness is 3 m, however, thickness is smallest in the center of
the ocean (in summer to 1.0–0.5 m or ice is even absent in openings, which exist
even in the region of the North Pole), and in winter nearer to the surrounding con-
tinental masses the thickness of ice reaches 4–6 m. The basic sources of sea ice are
located in the Laptev Sea (about 50% production) and in the Kara Sea (about 25%
production) (Eicken, 2004).
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Fig. 9.2 Distribution of winter and summer sea ice in the Arctic Ocean (Macdonald et al., 2003).
1 – compact ice; 2 – non-compact ice (>15 %); 3 – open sea surface

The age of the sea-ice cover has been increasing from the Eurasian margin to
the North America and Greenland margins approximately from 1 year to 5 years
(Untersteiner, 1990). As a whole, the ice drifts and, after all, either partially melts
in the ocean, or it is carried through the Fram Strait into the Norwegian-Greenland
Basin, where it finally melts. In contrast to glacial periods, today icebergs are of
secondary importance. At present their most active sources are the glaciers of Sever-
naya Zemlya, Northern Island of Novaya Zemlya, Franz-Joseph Land, Spitsbergen,
the Canadian Arctic and Greenland (Bischof, 2000).

Researchers have repeatedly noted areas of so-called “dirty ice” in the Arctic
Ocean, i.e., sea ice containing significant amount of sedimentary material (cry-
ozoles) of different grain size (from the pelite particles to the chunks). Mechanisms
of sediment entrainment into the sea ice and icebergs are very diverse: anchored
shore ice material of surface sediments, freezing of sea water containing suspension
during fall ice formation (especially in polynyas), river ice discharge, gravitational
transfer from the rocky slopes of fjords during winter times, and eolian dust storms,
and – for icebergs – inclusion of rock substratum in the composition of continental
glaciers with their motion and subsequent shaping of icebergs.

A common interest of sedimentologists is related to the role of cryozoles in the
contemporary Arctic Ocean sedimentation. Based on literature data (Levitan et al.,
1995a, also see references therein), we accepted a maximum area of sea-ice devel-
opment of 15.1 million km2; an area of “dirty ice” development of 10% of the total
area; a 10 cm thick upper layer of ice enriched by cryozoles; and a mean concen-
tration of cryozoles of 400 mg/l. Simple calculation shows that with the maximum
ice formation the total mass of cryozoles is 60.4 million tons. Considering the ice
age in different regions of the Arctic sea-ice cover for calculating annual sea ice
production forces to decrease this value 3–4 times, thus there is 15–20 million t of
cryozoles per year.
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According to (Gordeev and Rachold, 2004), annual river discharge is 227.3 mil-
lion t of suspended material to the Arctic Ocean, i.e., more than one order of magni-
tude higher in comparison to the IRD input. Annual delivery of terrigenous material
by processes of coastal abrasion is about 430.8 million t (Grigoriev et al., 2004),
i.e., it is approximately 20 times higher than cryozoles. Finally, eolian delivery con-
stitutes to about 5.7 million t per year (Shevchenko and Lisitzin, 2004). These data
have to be taken into account when discussing the genesis sources of sedimentary
material to contemporary sedimentation for different regions of the Arctic Ocean.
However, on the basis of sedimentation rate data on different morphostructures, it is
obvious that the relative role of cryozoles is increasing toward the pelagic environ-
ment (see later discussion for more details).

A well stratified water layer is located under the sea-ice cover in the Arctic Ocean
(Fig. 9.3). Water exchange with the other oceans (with the Pacific through the shal-
low Bering Strait and with the Atlantic Ocean through the deep Fram Strait) is well
balanced: approximately 4 Sv (millions of cubic m/s) enter the Arctic Basin and
about the same amount of water is flown out of the Arctic Ocean (Coachman and
Aagaard, 1974). Moreover, basic water exchange (approximately three fourth from
the total) is achieved with the Atlantic (Norwegian-Greenland Basin).

It is possible to isolate three basic water masses in the water column from
top to bottom: the surface polar (Arctic) water reaching a depth of approximately
200 m (on the surface the water temperature composes usually 1–2◦C, more deeply
it becomes colder, up to –1.0◦C; salinity depends on proximity to the sources of
fresh water and varies from 27 to 34.5‰); the intermediate Atlantic water reaching
approximately a depth of 900 m (temperature is positive, and salinity varies in the
different areas from 34.5 to 35.0‰), and a deep-water mass with approximately
the same salinity as Atlantic waters, but with negative temperatures (from –0.45 to
–0.9◦C) (Coachman and Aagaard, 1974).

Fig. 9.3 Stratification of the Arctic Ocean water column (Aagaard and Carmack, 1989). PSW
– Polar Surface Water; AIW – Arctic Intermediate Water; CBDW – Canada Basin Deep Water;
UAODW – Upper Arctic Ocean Deep Water; LAODW – Lower Arctic Ocean Deep Water
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There are small regional special features of the described stratification: for exam-
ple, a distinct halocline between the Polar and Atlantic water masses has been
recorded in the Amerasian Basin, caused by admixture of Pacific Ocean waters.
Characteristics of deep and bottom waters in the Eurasian and Amerasian basins
display minor differences (Macdonald et al., 2004). The character of surface-water
circulation in the pelagic ocean part, and the total of intermediate and deep-water
masses are radically various. In the surface layer there are two main systems of
circulation: the Beaufort Gyre and the Transpolar Drift. The latter consists of two
branches, the Polar Branch and the Siberian Branch. The boundary between these
branches on the shelf is passing approximately in the central part of the Laptev Sea
(Aagaard and Carmack, 1989). The Polar Front is located between both systems
(Fig. 9.4).

Fig. 9.4 Arctic Ocean surface-water circulation (Aagaard and Carmack, 1989)
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The atmospheric Arctic Oscillation (AO) exerts strong influence almost on all
components of the climate: hydrological, ice and oceanographic situations. A pos-
itive AO contributes to an increase of river discharge into the basin, a freshening
of surface water, a reduction of ice-cover area, an expansion of circulation of the
Beaufort Gyre and a displacement of the Polar Front toward Eurasia (Macdonald
et al., 2004). A negative AO leads to the opposite results.

Upon transfer of the Norwegian-Greenland Basin to the Arctic Ocean in the
region of the Fram Strait the Atlantic waters of the West Spitsbergen Current are
immersed under the Polar waters and turn to the east, following along the upper part
of the continental slope of Eurasia, and then they turn to the west in the Alaskan
region and return to the Norwegian-Greenland Basin along the upper part of the
continental slope of North America. During their flow in the interlayer these waters
are being transformed (in particular, become colder) and form the sub-nucleus of
recurrent circulation in the deep-water basins of the Arctic Ocean (Rudels et al.,
1994) (Fig. 9.5).

In the described trajectory of flow, the deeper waters and cold brines of shelf
regions are being involved as well. Cold brines are formed under fall ice formation
and fallen by the mechanism of cascading into the deep water regions, flowing along
the slope downward.

The lowered salinity of surface water was noted above. This phenomenon is
caused by river discharge and melting of sea ice and icebergs in summer, and,
according to some data (Bobylev et al., 2003), the latter may not be just compared

Fig. 9.5 Arctic Ocean Intermediate-Water circulation (Rudels et al., 1994)
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with the first one, but may even exceed it. Discharge of the Arctic rivers has
been extensively studied recently. In the work (Gordeev and Rachold, 2004) it
was indicated, that total annual freshwater discharge into the Arctic Ocean is about
3300 km3, from which the portion of the Pechora River is 131 km3, the Severnaya
Dvina River is 110 km3, the Ob River is 404 km3, the Yenisei River is 620 km3,
the Lena River is 523 km3, the Kolyma River is 122 km3 and the Mackenzie River
is 330 km3. The main part of the discharge is achieved in 2–3 summer months,
especially during June and July.

Arctic primary production is low corresponding to the oligotrophic regions: about
11 gC/m2/year in the central Arctic (Sakshaug, 2004; Subba Rao and Platt, 1984)
and in average about 32 gC/m2/year for the Arctic shelves (Sakshaug, 2004). Shelf
seas characterized by relatively increased productivity values are the Chukchi and
Barents Sea, where nutrient-rich Pacific and Atlantic waters, respectively, penetrate
into the Arctic Ocean. Furthermore, a narrow strip of increased primary production
characterizes the marginal ice zone due to the increased delivery of nutrients by
sea-ice melting in summer.

The sea floor of the deep-water part of the Arctic Ocean is mainly covered by ter-
rigenous hemipelagic silty-clayey mud and sandy silty-clayey mud, which contain
significant amount of coarse-grained IRD (Belov and Lapina, 1961). Concentration
of IRD decreases from the ridges to the abyssal plains. Massive and laminar diamic-
tons are described in the ridge zones (Svindland and Vorren, 2002).

Sand content is usually higher on the ridges; however, in the interlayers of tur-
bidites, which are very typical for all deep-water basins (their occurrence may reach
40% and more of the sedimentary sections in the recovered sediment cores; Darby
et al., 1989) its concentration is also increased. The total amount of biogenic com-
ponents (planktonic and benthic foraminifers, ostracod, small mollusks, dinoflagel-
lates, radiolarians, sponge spicules, etc.) usually do not exceed 1–2% (Darby et al.,
1989), with some exceptions of up to 10%.

The composition of IRD reflects the Beaufort Gyre and Transpolar Drift circu-
lation systems particularly in the sandy and gravel-pebble fractions of the surface
sediments. Fine-grained dolomites and dense limestones from the Paleozoic rock of
Alaska and Canadian Arctic and also gray sandstones and siltstones predominate
in the coarse-grained material under the circulation of the Beaufort Gyre (Bischof,
2000; Darby et al., 1997).

A dominance of quartz (Bischof, 2000), red-colored detrital rock from the
Eurasian sources and fragments of the iron-manganese crusts has been recorded in
surface sediments under the flow of the Transpolar Drift (Darby et al., 1997). Based
on heavy-mineral associations in surface sediments (Fig. 9.6) (Belov and Lapina,
1961) it is clearly obvious that the projection of the Beaufort Gyre circulation is
reflected in the abundance of garnet and dolomite, while under the Transpolar Drift
sediments are enriched by associations of epidote, amphiboles, black ore miner-
als and clinopyroxenes. Moreover, minerals of the epidote-amphibole association
dominate in the sediments accumulated under the Polar Branch, whereas under the
Siberian Branch an association of black ore minerals, epidote and clinopyroxenes is
dominant in the surface sediments.
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Fig. 9.6 Heavy-mineral distribution in Arctic Ocean surface sediments (Belov and Lapina, 1961).
1– 8– heavy-mineral associations: 1 – epidot-pyroxene, 2 – black ore-epidot-pyroxene, 3 – chlo-
ritoid, 4 – dolomite, 5 – garnet, 6 – black ore minerals, 7 – pyroxene, 8 – pyroxene-amphibole

The distribution of clay minerals in surface sediments, due to transport not only
by sea ice and icebergs, but also by different oceanic currents, is much more com-
plex. Our study on the distribution of clay minerals in surface sediments from the
continental margin and deep-sea basin areas of the Arctic Ocean is based on own
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and literature data (Levitan et al., 1995b, see references therein). Clay minerals were
mainly analyzed in the fraction <2 μm (following the method of (Biscaye, 1965)).
To obtain comparable values in the fraction <1 μm correlation coefficients of differ-
ent clay minerals in both fractions from the same samples were used. For statistical
data processing 443 analyses from the continental margins and 61 analyses from
deep-sea areas were carried out. Results are presented in Tables 9.1 and 9.2.

The results of Table 9.1 allow the following general statements. First, there is a
very variable character of clay-mineral associations, which reflects, first of all, dif-
ferences in the composition of the source provinces and the low degree of differenti-
ation of clay material. Secondly, there is a common dominance of chlorite and illite
paragenesis as result of the climatic conditions of sedimentation. Thirdly, notice-
able differences in the composition of clay-mineral associations in different parts of
a single basin of sedimentation (for example, in the Barents, Kara and Laptev seas)
are caused by special features of regional circulation systems and by local sources
of clay minerals.

Data of Table 9.2 show an obviously much clearer homogeneity of clay mineral
associations in the deep-sea areas: they are barely distinguished in the Eurasian
and Amerasian basins, which indicate advanced mineralogical differentiation and
mature processes of mineral mixing from different sources in comparison with the
continental margins. Paragenesis of chlorite and illite clearly prevails. There is a
certain tendency of smectite enrichment in sediments from deep-sea basins, and by
chlorite and kaolinite – in the sediments of the ridges of different genesis. The noted
phenomenon is probably caused by differences in the hydraulic coarseness of these

Table 9.1 Average composition (%) of clay mineral associations in fraction <2 mkm of surface
layer sediments at the continental margins of the Arctic Ocean [Levitan et al., 1995b], with changes

No
n/n

Number of
samples

Smectite
(Sm)

Illite
(Il)

Chlorite
(Ch)

Kaolinite
(K) Sm/Il Ch/K Sm/Ch Association

1 90 11 59 19 11 0.19 1.7 0.6 (K,Sm)–Ch–IL
2 11 13 55 21 10 0.24 2.1 0.6 K–Sm–Ch–IL
3 31 6 60 27 6 0.10 4.5 0.2 (K,Sm)-Ch-IL
4 36 4 68 22 6 0.06 3.7 0.2 (Sm,K)-Ch-IL
5 8 2 68 20 9 0.03 2.2 0.1 Sm–K–Ch–IL
6 16 26 45 20 9 0.58 2.2 1.3 K–Ch–Sm–IL
7 43 48 31 15 6 1.55 2.8 3.2 K–Ch–IL–Sm
8 43 34 40 14 10 0.85 1.4 2.4 K–Ch–Sm–IL
9 85 16 53 20 11 0.30 1.8 0.8 K–Sm–Ch–IL

10 39 27 32 20 21 0.84 1.0 1.4 (Ch,K)-Sm-IL
11 38 5 61 19 14 0.09 1.4 0.3 Sm–K–Ch–IL
12 3 4 63 22 11 0.06 2.0 0.2 Sm–K–Ch–IL
13 443 18 51 19 11 0.35 1.7 0.9 K-(Sm,Ch)-IL

Note: 1 – rivers of Alaska; 2 – shelf of North Alaska; 3 – Chukchi Sea; 4 – East Siberian Sea;
5, 6 – southeastern (5) and central (6) parts of the Laptev Sea; 7, 8 – northern (7) and western
(8) parts of the Kara Sea; 9, 10 – eastern (9) and northwestern (10) parts of the Barents Sea; 11
– northern continental margin of Spitsbergen; 12 – northeastern continental margin of Greenland;
13 – continental margins of the Arctic Ocean
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Table 9.2 Average composition (%) of clay mineral associations in the fraction <2 mkm of
surface layer sediments in the deep-water areas of the Arctic Ocean [Levitan et al., 1995b], with
changes

n/n Number of
samples

Smectite
(Sm)

Illite
(Il)

Chlorite
(Ch)

Kaolinite
(K) Sm/Il Ch/K Sm/Ch Association

1 11 7 59 19 15 0.2 1.3 0.4 Sm–K–Ch–IL
2 6 5 59 20 17 0.08 1.2 0.2 Sm–K–Ch–IL
3 18 7 55 24 13 0.13 1.8 0.3 Sm–K–Ch–IL
4 8 11 52 24 14 0.21 1.7 0.4 Sm–K–Ch–IL
5 43 7 56 22 14 0.12 1.6 0.3 Sm–K–Ch–IL
6 3 7 59 23 11 0.12 2.1 0.3 Sm–K–Ch–IL
7 1 1 51 24 24 0.02 1.0 0.04 Sm–(Ch-K) –IL
8 14 10 58 19 15 0.17 1.3 0.5 Sm–K–Ch–IL
9 18 9 58 20 15 0.16 1.3 0.4 Sm–K–Ch–IL

10 61 7 56 21 14 0.12 1.5 0.3 Sm–K–Ch-IL

Note: 1 – Nansen Basin; 2 – Gakkel Ridge; 3 – Amundsen Basin; 4 – Lomonosov Ridge; 5 –
Eurasian Basin – average data 1–4; 6 – Makarov Basin; 7 – Alpha and Mendeleev Ridges; 8 –
Canadian Basin; 9 – Amerasian Basin – average data 6–8; 10 – deep-water part of the Arctic
Ocean – average data from 5 and 9.

minerals and by a different reaction to the hydrodynamic regime of bottom waters
which is more active on rises.

As a whole the sediments of the Arctic continental margins are different from the
deep-sea sediments by higher content of smectite, while the minerals of the other
three basic groups, in opposite, are enriched in the deep-sea areas. A comparison of
average clay-mineral data in the Arctic Ocean with other ocean basins (Table 9.3)
indicates that the chlorite-illite paragenesis only prevails in this basin. According to
average contents of smectite and illite, the clay-mineral composition in Arctic Ocean
sediments is most similar to that determined in sediments from the North Atlantic,
which is not surprising because of the active water exchange between these basins.

The described tendencies in the distribution of clay minerals in the subcolloidal
fraction of the surface sediments for different regions of the Arctic Ocean are more
clearly represented in schematic maps (Wahsner et al., 1999) (Figs. 9.7, 9.8, 9.9 and
9.10). From the map of smectite distribution (Fig. 9.7) it is obvious that the basic
regions of its accumulation are located in the Kara Sea (especially its southern and

Table 9.3 Average composition (%) of clay mineral associations in surface layer sediments of the
main oceans [Levitan et al., 1995b], with changes

Oceanic basins Smectite (Sm) Illite (Il) Chlorite (Ch) Kaolinite (K) Associations

North Atlantic 16 55 10 20 Ch–Sm–K–Il
South Atlantic 26 47 11 17 Ch–K–Sm–IL
Northern Pacific 35 40 18 8 K–Ch–Sm–IL
Southern Pacific 53 26 13 8 K–Ch–IL–Sm
Indian Ocean 41 33 12 17 Ch–K –IL–Sm
Arctic Ocean 17 52 19 11 K–Sm–Ch–Il
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Fig. 9.7 Smectite distribution in eastern and central Arctic Ocean surface sediments (Wahsner
et al., 1999)

southeastern areas), the western part of the Laptev Sea and the area around Franz-
Joseph Land. The concentrations of smectite are minimal in the deep-sea areas.
The basic sources of illite are related to the coast of the East Siberian Sea and
the Chukchi Sea; local sources are the Novaya Zemlya Islands, Scandinavia, and
Spitsbergen (Fig. 9.8). Deep-sea sediments are characterized by high content of this
mineral.

The relatively high concentrations of chlorite (Fig. 9.9) gravitate towards prac-
tically exclusively to the sediments of the ocean floor and the transverse troughs
(St. Anna Trough and Voronin Trough). The basic source of kaolinite is the
archipelago of Franz-Joseph Land (Fig. 9.10). Its content is increased in the eastern
part of the Kara Sea and in the western part of the Laptev Sea as well as in a larger
part of the Barents Sea.

According to (Stein et al., 1994c) and (Levitan et al., 1995a) the composition
of clay minerals in the cryozoles of the pelagic zone of the Arctic Ocean strongly
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Fig. 9.8 Illite distribution in eastern and central Arctic Ocean surface sediments (Wahsner et al.,
1999)

differs from the associations of clay minerals in surface sediments of the corre-
sponding areas. Clay minerals enter bottom sediments not only due to the melting
of sea ice and icebergs (in contrast to the silty- sandy and coarser material), but also
through transport by different oceanic currents.

In the following, the facies structure of recent sedimentation of the Arctic Ocean
will be shown in an example in sediments from the Yermak Plateau.

Facies Variations of Holocene Sediments on the Yermak Plateau
(According to Study Data of >63 mkm Fraction)

The Yermak Plateau is a marginal rise located above the Nansen Basin in the north
and east, the Spitsbergen continental rise in the south, and the Lena Deep in the
west (Fig. 9.11). The almost flat ridge is located at a depth of approximately 800
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Fig. 9.9 Chlorite distribution in eastern and central Arctic Ocean surface sediments (Wahsner
et al., 1999)

m, while the maximal depth of adjacent heterogeneous basins ranges from 2000 to
2500 m (Fig. 9.12). According to (Hevrøy et al., 1996), this type of geomorphologic
setting practically rules out the delivery of sand and gravel to the plateau surface by
oceanic currents.

The Yermak Plateau is located not only in a transition zone between Atlantic and
Arctic Oceans, but also between two systems of glacial sedimentation: with seasonal
sea-ice and permanent cover. The seasonal system (Norwegian-Greenland Basin)
is characterized by ephemeral (seasonal) existence of sea ice, delivery of icebergs
during warm seasons by glaciers from Spitsbergen and Greenland, and transport
of lithogenic sedimentary material mainly by currents. Gravitational processes are
developed on slopes of continents, islands, submarine ridges and rises. Sedimen-
tation of planktonic carbonates plays an essential role, particularly in zones with
warm surface currents (Henrich et al., 1989). These features are primarily typical
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Fig. 9.10 Kaolinite
distribution in eastern and
central Arctic Ocean surface
sediments (Wahsner et al.,
1999)

of sediments accumulated during interglaciations which are similar to the modern
environment. Sediments of colder (glacial) epochs differ in color, grain size, struc-
ture, and IRD composition. They generally contain a lesser amount of carbonate
material (Henrich et al., 1989; Spielhagen, 1991).

The sedimentation system of the Central Arctic, on the other hand, is character-
ized by the presence of perennial sea-ice cover with relatively small and transit open-
water areas, the prevalence of IRD on submarine ridges and rises, the dominance of
material delivered by bottom currents and turbid flows in deep-water basins, and
strongly reduced biogenic sedimentation. Sediments of cold and warm stages differ
from each other primarily in color but not so sharply as in the Norwegian-Greenland
Basin (Clark, 1971; Nørgaard-Pedersen, 1997).

The location of the Yermak Plateau slightly northward from the summer bound-
ary of the sea-ice domain in the marginal zone of the Arctic ice cover (Fig. 9.11)
makes us to conclude that lithogenic grains and clasts might be delivered to the ridge
surface only during the thawing of sea ice and icebergs. Thus, the Yermak Plateau, as
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Fig. 9.11 Location of studied sediment cores at Yermak Plateau and elements of surface circula-
tion (Levitan et al., 2000b). Isobaths are given in meters. 1 – West Spitsbergen Current; 2 – East
Greenland Current; 3 – Arctic Ocean Deep Water currents; 4 – Bottom Water of the Norwegian Sea
(N) and the Arctic Ocean (A); 5 – sea-ice margin in summer of 1997; 6 – RV Polarstern sediment
cores. I – Barents Sea; II – Spitsbergen; III – Sophia Deep; IV – Yermak Plateau; V – Fram Strait;
VI – Nansen Basin; VII – Greenland; VIII – Lena Deep

well as Lomonosov, Gakkel, and Mendeleev submarine ridges of the Arctic Ocean,
may be considered as a natural laboratory useful for the study of particularities of
glacial and iceberg sedimentation controlled by the history of ice-cover formation in
the Arctic Ocean and the evolution of ice sheets in northern Eurasia, North America,
and Greenland. These issues are obviously essential for understanding the nature of
glacial sedimentation and studying paleoceanography and paleoclimatology of the
Arctic.

It is well known that the Arctic climate is strongly affected by sea-ice cover
that increases albedo and hampers the heat-gas exchange between ocean and atmo-
sphere. The appearance or expansion of open-water areas within the ice cover
leads to changes in climatic characteristics. Data on supply of Atlantic warm
and salt waters to the Arctic Ocean, as well as materials concerning the his-
tory of river discharge, are of similar importance for the study of the Arctic
paleoclimate.

Icebergs is considered to deliver relatively coarse lithogenic material, therefore,
fractions coarser than 150, 500, 2000, or 4000 μm were thoroughly investigated
(Bischof, 1990; Spielhagen, 1991; Nørgaard-Pedersen, 1997; Phillips and Grantz,
2001). The study of heavy minerals in the fraction 63–125 μm in reliably dated
cores of Arctic bottom sediments has been initiated by (Behrends, 1999). The deter-
mination of sea ice and iceberg relationship by heavy-mineral composition in the
Arctic geological history along with elucidation of source provenance and trans-
port pathways and their evolution during the alternation of glacial and interglacial
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epochs are crucial issues. In particular, the relative role of material delivered from
the Canadian High Arctic, history of IRD delivery, significance of different currents
of the Transpolar Drift, sources of sediment-forming minerals, and peculiarities of
sedimentation during warm and cold epochs are among the issues that have been
outlined but insufficiently studied for the Yermak Plateau.

Materials and Methods

Materials and research methods applied in the present study, are described in the
preliminary cruise report of R/V Polarstern Cruise ARK-XIII/2 carried out in the
area of the Fram Strait and the Yermak Plateau (Stein and Fahl, 1997). The locations
of geological stations are shown in Fig. 9.11. We have mainly used the following
data for this study: (1) bathymetric data (Niessen and Kleber, 1997) obtained by
the Parasound high-frequency parametric seismoacoustic profiler; (2) temperature
and salinity measurements in the water column by the Niel Brown CTD device
(Rudels et al., 1997); (3) data on the composition of sediments recovered by box
corer (sections up to 80 cm long) and by multicorer (sections up to 26 cm long); and
(4) the sand and gravel fractions (>63 μm) washed out from multicorer sediment
samples. The coarse fraction samples taken every 2 cm throughout the section, were
studied using a binocular microscope. Overall, 248 coarse-grained-fraction samples
were studied from 24 multicorer sections (Fig. 9.11). The relative proportions of
the >2 mm and 2.0–0.063 mm fractions were estimated. Content and composition
of rock fragments, biogenic remains, and mineral grains were determined in both
fractions.

Recent Environment

The study area is characterized by a highly variable sedimentation environment.
The sources of the terrigenous material can be subdivided into three groups:
regional, local, and remote. The regional sources include Spitsbergen and Green-
land. The local sources are considered to be the exposures of sea bottom supplying
edaphogenous material as a result of erosion processes. The remote sources are
located southward and northward of the study area, and sediment is transported
by sea ice, icebergs and currents. This classification (regional, local and remote
sources) might be applied as well for cryozoles of the study area. In this case, the
local sources are the sea waters of the ice-margin area and the remote sources are
located in Siberia where the sediments are being transported not only by ice-rafting
mechanism but also by eolian processes.

The northern part of the Fram Strait studied during the cruise is covered by year-
round ice. Only two areas are ice-free in summer: the first area is located near the
northeastern coast of Greenland known as the Greenland Polynya, while the second
area stretched along the Spitsbergen coast (Fig. 9.11). According to observations
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during the cruise, an area of dirty ice (i.e., sea ice containing sedimentary material)
apparently decreases with distance from Spitsbergen. The Arctic Ocean, as well as
aquatory off Spitsbergen and Greenland, is the major sea-ice source in the region.
The bulk ice delivery from the north is 0.15 mln. t/s (Rudels, 1987).

In general, the water column can be subdivided into three water masses (Rudels,
1987): (1) surface water (negative temperature, salinity <34.7‰); (2) Atlantic
water (temperature between 0 and +3◦C, salinity >34.9‰); and (3) deep water
(negative temperature, salinity >34.7‰). The main picnocline occurs at depths of
500–1000 m. The background hydrodynamic structure in the Fram Strait includes
two large-scale drifts: a warm, high-salinity, northward West Spitsbergen Current
and a cold southward East Greenland Current, contouring the continental slope of
Spitsbergen and Greenland, respectively. According to oceanographic data (Rudels,
1987), the West Spitsbergen Current discharge is 2.8 Sv, the East-Greenland Current
discharge is 2.9 Sv.

The northward-flowing stream of the West Spitsbergen Current meets with the
southward flow of cold and freshened waters from the Arctic Ocean at about 80◦N.
As a result of mixing the core of Atlantic waters submerges, cools down and fresh-
ens up. Continuing its northward flow in the subsurface layer, the West Spitsbergen
Current is pushed against the returning Atlantic water flow from the Arctic Ocean.
This results in a subdivision of the West Spitsbergen Current into two branches.
The main eastern branch continues along the Spitsbergen continental slope and
further on penetrates into the Nansen Basin through the Sofia Deep. The second
branch envelopes the Yermak Plateau from the west, intensely mixing with returning
Atlantic waters from the Nansen Basin (Rudels et al., 2000). Therefore, an anticy-
clone gyre is formed above the Yermak Plateau. Further westward, up to the Green-
land continental slope, an outflow from the Arctic Ocean predominates (Levitan
et al., 2000b).

Deep waters of Arctic origin predominate here at depths >2000 m. A deep-water
flow from the Norwegian Sea, which is observed in the east along the western slope
of the Yermak Plateau, penetrates northward to the Nansen Basin and flows into the
Sofia Deep (Fig. 9.11). Depths and temperature-salinity characteristics of bottom
waters are given in Table 9.4.

The above-mentioned and well-known regularities of intensive primary produc-
tion relation to the waters washing off the ice edge from one hand and Atlantic
waters from the other hand (Stein et al., 1994) allow us to suggest a high plank-
ton productivity in the eastern part of the study region (along the anticyclone gyre
periphery) and the Greenland polynia area.

Based on bottom topography, recent sedimentation environments, lithology,
chemical composition, and clay mineral assemblages of sediments, the study
region can be divided into the following major zones of Holocene sedimentation
(Hebbeln and Berner, 1993): (1) northwestern part of the Barents Sea; (2) north-
ern continental slope of Spitsbergen; (3) Sofia Deep; (4) slopes of the Yermak
Plateau; (5) crest area of the Yermak Plateau; and (6) Greenland continental mar-
gin. Brief characteristics of sedimentation conditions in these zones are given in
Table 9.4.
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Table 9.4 Temperature and salinity of bottom waters [Levitan et al., 2000b]

Geological station Water depth, m T, ◦C S, ‰

PS 2824 194 0.371 34.783
PS 2829 464 0.911 34.859
PS 2830 506 1.308 34.946
PS 2831 972 −0.496 34.908
PS 2832 2067 −0.829 34.925
PS 2836 636 0.007 34.910
PS 2838 2426 −0.825 34.905
PS 2846 275 0.641 34.832
PS 2847 4165 −0.647 34.937
PS 2848 2574 −0.799 34.929
PS 2849 3254 −0.744 34.942
PS 2853 2117 −0.864 34.916
PS 2855 1380 −0.909 34.911
PS 2856 913 −0.798 34.909
PS 2857 774 −0.334 34.908
PS 2858 819 −0.584 34.909
PS 2859 1398 −0.806 34.917
PS 2860 1967 −0.874 34.919
PS 2861 2277 −0.818 34.927
PS 2862 1025 −0.675 34.908
PS 2864 767 −0.465 34.907
PS 2867 512 1.038 34.944

Facies Variability of Holocene Sediments

The structure of the upper part of sedimentary cover is outlined in Fig. 9.13, showing
lithostratigraphic cross-sections recovered by box corer along the profile II – II. The
figure demonstrates that the coarsest sediments (sand with gravel, and gravel) are
related to the upper continental slopes of Greenland and Spitsbergen. Finer grained
terrigenous hemipelagic sediments (silt and clayey silt) have been accumulating in
the lower parts of the same slopes, as well as on the eastern slope of the Yermak
Plateau and on a local submarine hill on the plateau crest (station PS 2836). Rela-
tively coarse-grained layers and lenses are found as well within some core sections
from local sedimentary pockets on the lower continental slope (station PS 2832)
and from the Lena Deep (station PS 2840). At the surface the rest of the profile
is represented by hemipelagic (terrigenous) clayey mud (in the Sofia Deep, Lena
Deep, and the western part of the Yermak Plateau crest). Hardground layers com-
posed of stiff ferruginized clay, 1–7 cm thick, are rather widespread in core sections
here.

The proportion of the >0.063 mm fraction does not exceed a few percent in
the studied multicorer samples. The fraction >2 mm mainly consists of biogenic
remains (first of all, POLYCHAETA tubes and large benthic foraminifer tests) and
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Fig. 9.12 Bathymetric
profiles across the Yermak
Plateau (Stein and Fahl,
1997)

Fig. 9.13 Lithological profiles across the Yermak Plateau from box core records; for location
of cores see Fig. 9.12 (Levitan et al., 2000b). 1 – unrounded coarse rock fragments, gravel, and
pebble; 2 – sand; 3 – silts and silty clay; 4 – hemipelagic mud; 5 – lenses; 6 – hardground
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rock fragments. Quartz grains also occur in rare amounts. Planktonic and benthic
foraminifer tests, as well as quartz and feldspar grains, predominate in the 2.0–
0.063 mm fraction. Rock fragments, accessories, and black ore minerals constitute
a minor proportion.

Composition of Rock Fragments

In the fraction >2 mm, rock fragments 2–12 mm in size, largely subangular with
minor well-rounded ones occur. Glacial striation is observed on several fragments
collected near source zones (stations PS 2827 and PS 2846). Rock fragments with a
fine oxidized film at their surface (like desert varnish) formed in subaerial environ-
ment, are rather common in the region.

Among 25 studied stations, both metamorphic and sedimentary rocks were
describedat15stations (metamorphic rockspredominatedat8stations, equalamounts
of metamorphic and sedimentary rocks were found at 5 stations, and sedimen-
tary rocks prevailed at 2 stations); only metamorphic rocks occurred at 7 stations;
and only sedimentary rocks were described at 3 stations. Overall, metamorphic
rock fragments predominate. Among them, fragments of various shales and mica-
ceous shales are most common, whereas argillaceous shales, micaceous schists,
crystalline schists, and schistose sandstones and siltstones occur in minor amounts.
Fragments of quartzite and marble are rare. Most of the marble fragments were
found on the Spitsbergen continental slope and on the eastern slope of the Yermak
Plateau.

Sandstones, bituminous shales, siltstones, silty clay, and coal predominate among
fragments of sedimentary rocks. Limestone fragments are rare. Fragments of
hematitized sandstone and siltstone attract one’s attention by their “crimson” color.
Limestone fragments occur only on the Spitsbergen continental slope. Hematitized
sandstone fragments also occur mainly here. Coal fragments are only found on
slopes of the Yermak Plateau. Specific compact pink feldspar-quartzose sandstone
fragments associated with greenish gray quartzite were described only from the
Greenland continental slope (station PS 2846).

Spitsbergen and its basement serve as a major source of gravel- and sand-size
grains in the studied region. Bituminous shale fragments widely distributed through-
out the region are likely of either Late Jurassic or Middle Triassic age; these rocks
are well known in the northwestern Barents Sea (Geological structure of the USSR
and regularities of mineral deposits distribution, 1984). Coal fragments are likely
derived from well-known coal deposits in Spitsbergen. Most of the above-listed
petrographic rock varieties belong to Paleozoic (regionally metamorphosed) sedi-
mentary series of Spitsbergen.

The Spitsbergen-derived coarse material in sediments from the Yermak Plateau
crest possibly underwent a passive enrichment due to bottom erosion and winnow-
ing of more fine-grained fractions. The material might also be reworked by sub-
marine slumping and various density flows on the plateau slopes. The influence of
Greenland is likely restricted to its continental margin. It is presently impossible to
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evaluate the role of remote material sources, e.g., that of Scandinavia, using the data
of rock fragments.

Therefore, we could reveal the following facies indicators of sedimentary mate-
rial sources based on rock associations: (1) the north Spitsbergen continental slope –
limestone, marble, and hematitized sandstone; (2) the Yermak Plateau slopes – coal
and marble; and (3) the Greenland continental margin – association of compact
pink sandstone and greenish gray quartzite. Rock associations serving as facies
indicators have not yet been revealed for other zones of Holocene sedimentation.
Subaerial glaciers of Spitsbergen and Greenland apparently played an important
role in the coarse material supply, whereas icebergs and sea ice actively partici-
pated in the material transport, and their melting resulted in supply of IRD onto the
seafloor.

Composition of Biogenic Components

The following groups of organisms predominate among the studied biogenic com-
ponents in a >0.063-mm fraction: polychaets, planktonic foraminifers, calcare-
ous benthic foraminifers, agglutinating benthic foraminifers, and siliceous sponges
(Fig. 9.14). Besides, mollusk shells (bivalves and gastropods), sea urchin spines,
ostracod valves, deep-water coral fragments, and fish teeth or jaw fragments also
occur in the coarse fraction of samples.

The obtained data show a distinct facies pertinence of the biogenic compo-
nents. Benthic foraminifers and sponge spicules predominate at shallow depths
in the northwestern part of the Barents Sea. Polychaets and agglutinating benthic
foraminifers mainly occur at the northern continental slope of Spitsbergen. This

Fig. 9.14 Distribution of biogenic remains in the >0.063 mm fraction of surface sediments
(Levitan et al., 2000b). 1 – polychaets; 2 – planktonic foraminifers (number in parentheses –
amount in fraction 2.0–0.063 mm, %); 3 – benthic foraminifers including Biloculina and Trilo-
culina; 4 – agglutinated benthic foraminifers; 5 – silica sponges; 6 – bivalves
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assemblage is associated with sponge spicules in the northeast; and with mollusk
shells in the northwest. Large (2–4 mm) calcareous benthic foraminifers (mainly
Biloculina and Triloculina) prevail in the Sofia and Lena deeps at depths more
than 2000 m. An assemblage of planktonic and agglutinating benthic foraminifers
is developed on the eastern slope of the Yermak Plateau. The same assemblage is
found within a major part of the plateau crest, but to the south and on the lower part
of the western slope is replaced by an assemblage of planktonic and calcareous ben-
thic foraminifers. It is important to note that planktonic foraminifers predominate in
the sand fraction from the upper continental slope of Greenland and that siliceous
sponge spicules are observed all over the slope area.

It is of interest that polychaets, sponges, and mollusk shells mainly are found
on continental slopes and the Yermak Plateau slope. Abundant sponges and poly-
chaets are related to high hydrodynamic activity of bottom waters leading to neph-
eloid layer formation (Stein and Fahl, 1997). The widespread occurrence of mollusk
shells is possibly related to their redeposition from the adjacent shelves. Agglutinat-
ing benthic foraminifers predominate among the biogenic components of sediments
accumulated at depths shallower than sediments with Biloculina and Triloculina.
It is quite meaningful to observe an occurrence of burrowing agglutinating benthic
foraminifers Rheophax sp. and Atlantica atlantiella, these large (2–4 mm) tests are
found in subsurface layers (from 2–4 up to 6–16 cm) of bottom sediments at sta-
tions PS 2856–2864. The stations are located in different facies zones at various
depths, but are distinguished by similar characteristics of bottom waters – saline
(S >34.9‰) and cold (T<0ºC) (Table 9.4). On the whole, the overall distribution
pattern of benthic organisms is mainly controlled by their feeding mode (Stein and
Fahl, 1997).

Table 9.5 Major zones of Holocene sedimentation [Levitan et al., 2000b], with changes

Zone of Holocene
sedimentation Terrigenous matter sources

Transport agents of
terrigenous matter

Primary
production

Northwestern part of
the Barents Sea

Spitsbergen, sea bottom sea ice, icebergs, bottom
currents

low

Northern continental
slope of Spitsbergen

Spitsbergen, sea bottom sea ice, icebergs, slope
processes

low

Sophia Deep Spitsbergen, Yermak
Plateau, Siberia (?)

sea ice, icebergs, currents high

Yermak Plateau slopes Spitsbergen, Greenland,
Yermak Plateau, Siberia,
sea bottom, Scandinavia

sea ice, slope processes,
currents

high

Crest of the Yermak
Plateau

Spitsbergen, Greenland,
Siberia, sea bottom,
Scandinavia

sea ice, surface and
bottom currents

average and
high

Continental slope of
Greenland

Greenland, sea bottom sea ice, surface and
bottom currents, slope
processes

low and
average
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The distribution of planktonic foraminifers mainly represented by N. pachy-
derma (sin.) in the fraction 2.0–0.063 mm of the surface sediments (Fig. 9.14),
shows that their highest concentrations exactly mark the position of major Atlantic
water currents. Indeed, planktonic foraminifer tests are practically absent in sed-
iments from the northwestern part of the Barents Sea and the northern continen-
tal slope of Spitsbergen. They appear in considerable amounts in the central part
of the Sofia Deep (station PS 2861) and are abundant in the northeastern part
of the Yermak Plateau. Further westward, the content of planktonic foraminifers
decreases to 1% at station PS 2856 and to 20% at station PS 2855, and increases
again up to 65% and even to 80% (station PS 2847) on the western slope of the
Yermak Plateau and in the Lena Deep. Low concentrations (4–10%) are observed
in the southern part of the Yermak Plateau, as well as on the lower continental
slope of Greenland (station PS 2842). We believe that a high content of plank-
tonic foraminifer tests (50%) on the upper continental slope of Greenland (sta-
tion PS 2846) is related to the location of this station within the Greenland
polynia area, beneath high-productivity waters near the edge of a huge sea-ice
massif.

Therefore, composition of biogenic remains in sand and gravel fractions and con-
tent of skeletal elements of some organisms are important facies indicators for the
studied region reflecting seafloor environment (benthic organisms), structure and
productivity of surface waters (planktonic organisms).

Relationship Between Clastic and Biogenic Components in Surface Sediments

The clastic to biogenic components (C/B) ratio varies from 90/10 (stations PS 2822
and PS 2824) to 40/60 (station PS 2829) in the northwestern part of the Barents Sea
eastward of Spitsbergen (for location of stations see Fig. 9.14). The ratio is 75/25 on
the northeastern Spitsbergen slope. Values of about 20/80 are characteristic for the
northwestern Spitsbergen continental slope. Biogenic remains predominate (10/90)
on the eastern slope of the Yermak Plateau. They still prevail on the plateau crest, but
the proportion of rock fragments somewhat increases here; the average C/B value
equals 15/85. On the western Yermak Plateau slope, the ratio is almost the same,
as that on the eastern slope. The proportion of terrigenous clastic material in the
>0.063-mm fraction is slightly higher (up to 25%) in the Lena Deep. The average
C/B value equals 75/25 in sediments from the Greenland continental slope.

Therefore, terrigenous clastic components apparently predominate on continen-
tal slopes near major terrigenous material sources (Spitsbergen and Greenland).
Their proportion considerably decreases in those parts of continental slopes which
are likely located beneath the relatively elevated primary production zone, and
are characterized by an increased zoobenthos biomass. Biogenic components dis-
tinctly predominate far off the regional terrigenous material sources. Hence, the C/B
ratio in sand and gravel fractions of the surface layer of sediments from the study
region serves as a good facies indicator reflecting the distance from terrigenous
material sources and a relationship between fluxes of terrigenous and biogenic
components.
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History of Sedimentation

History of Sedimentation Rates During the Last 130 ka

As it is well known, the calculation of sedimentation rates mainly depends on
accepted age scales, which are based on the applied stratigraphic scales. At
the beginning of the seventies of the last century D. Clark (1971) proposed
the lithostratigraphic scale for sediment cores from the Arctic Ocean, in which
the fundamental units were designated by the letters A (end of the Pliocene) to M
(Upper Pleistocene-Holocene). Subsequently, additional lithostratigraphic subdivi-
sions were added for the Miocene-Pliocene (AE, A2b, A2a, and A1) (Bischof et al.,
1996 and further references therein).

Clark’s lithostratigraphy was related to magnetostratigraphic data (Clark et al.,
1980; Nowaczyk and Baumann, 1992; Nowaczyk et al., 1994; Schneider et al.,
1996). A principal role in stratigraphic reconstructions was played by isotope-
oxygen studies (Nørgaard-Pedersen, 1997, Nørgaard-Pedersen et al., 2003; Spielha-
gen et al., 2004). For the upper part of the sedimentary sections AMS 14C datings are
the most important dating tool. Furthermore, biostratigraphy (remains of planktonic
and benthic foraminifers, calcareous nannoplankton, ostracods, diatoms) (Back-
man et al., 2004; Cronin et al., 1995; Polyakova, 1997) as well as chemostratig-
raphy (for example, Mn cycles; Jakobsson et al., 2000), Be isotope stratigraphy
(Aldahan et al., 1997), and Sr and Nd stratigraphy (Tütken et al., 2002) were
applied.

As a result of numerous stratigraphic studies there has been a long-lasting and
still ongoing controversial discussion whether the central Arctic Ocean sediments
were deposited under conditions characterized by very low sedimentation rates
or conditions characterized by significantly higher sedimentation rates The low-
sedimentation-rate scenario is mainly derived from cores obtained from ridges in
the Amerasia Basin and implies that the majority of cores presently available extend
well into Plio–Pleistocene (Clark, 1970; Clark et al., 1980; Scott et al., 1989).
On the other hand, higher sedimentation rates of about one to a few cm/ky were
mainly determined in cores from ridges and basins in the Eurasian part of the
central Arctic Ocean (Gard, 1993; Stein et al., 1994a, 1994b; Jakobsson et al.,
2000, 2003). M. Jakobsson et al. (2000) and J. Backman et al. (2004) have shown
that earlier determinations of sedimentations rates mainly based on magnetostratig-
raphy and the identification of negative polarity changes representing complete
reversals, have to be revised due to the fact that many of the negative polarities
recorded in the upper part of Arctic Ocean sedimentary sections, were caused by
excursions of the magnetic field within the Brunhes Epoch. These results indi-
cate that higher sedimentation rates of cm/ky are much more typical than previ-
ously thought. More details about the stratigraphy of Arctic oceanic sediments and
related problems are discussed in synthesis papers of J. Backman et al. (2004) and
R. Stein (2008).

Detailed regional lithostratigraphic studies of deep-sea sediment cores showed
that distinct lithostratigraphic division is based on temporal changes of color,
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structural features, sediment composition, physical properties and other parame-
ters, for example, oxygen-isotope composition of planktonic foraminifer tests. In the
majority of sediment cores an alternation of brownish and yellowish/olive-grayish
sediments has been noted. The color changes are probably caused by variations in
the content of MnO2. Brownish sediments, as a rule, were accumulated more during
interglacial periods, when riverine delivery of dissolved manganese into the Arctic
Ocean was increased and more intensive ventilation of bottom waters contributed
to the accumulation of this element in the oxidized layer of the surface sediments
(Jakobsson et al., 2000).

Lithological descriptions and grain-size data show that sediments of glacial
intervals are usually coarser-grained than those deposited during interglacial
(interstadial) intervals. The observed layers of iceberg sediments are related to his-
tory of ice sheets in North Eurasia and, as well, to the Arctic part of the Laurentide
Ice Sheet and Innuit Ice Sheet of Greenland. Based on data of IRD composition
and interpretation in terms of sediment sources, D. Darby et al. (2002) proposed
that usually intensive iceberg supply from the Innuit Ice Sheet occurred somewhat
earlier than that from the Laurentide Ice Sheet. Furthermore, these authors observed
substantial age differences between the Heinrich events in the North Atlantic and
episodes of intensive iceberg discharge into the Arctic Ocean from the Laurentide
Ice Sheet (Table 9.6).

All iceberg events related to discharge from the Arctic part of the Laurentide Ice
Sheet, occurred earlier than the corresponding Heinrich events related to the history
of the more southern part of the Laurentide Ice Sheet, by several thousand years
(AL1 – H0 = 2180 years; AL2 – H1 = 2770 years; AL3 – H2 = 1897 years; AL4 –
H3 = 3285 years). This means that they relate to the previous Dansgaard-Oeschger
cycles, and that the waves of ice-sheet instability may have been propagated from
north to south.

According to a summary paper by R. Spielhagen et al. (2004), IRD maxima in
deep-sea cores from the central Arctic Ocean were concentrated around 190–130 ka
(i.e., during MIS 6), 90–80 ka (i.e., substage 5b), 75 ka (i.e., at the boundary of MIS
5 and MIS 4), and 65–50 ka (i.e., at the end of MIS 4 – beginning of MIS 3). In
sediments of the LGM, IRD is noticeably less than in the previous glacial periods,
although – in comparison with the Holocene – this value is still substantially higher
(Bischof, 2000; Spielhagen et al., 2004). These data coincide very well with the

Table 9.6 Age difference between Heinrich events in the North Atlantic and iceberg sediments
related to the Arctic part of the Laurentian Ice Sheet [Darby et al., 2002], simplified

Average age, years H0 H1 H2 H3 AL1 AL2 AL3 AL4

Radiocarbon scale 10977 14922 20631 27955 12873 15550 21960 29770
Calendar scale 12200 15500 23280 31600 14380 18270 25177 34885

Note: H0–H3 – Heinrich events; AL1–AL4 – iceberg events, related to history of the Arctic part
of the Laurentian Ice Sheet.
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reconstructions of the extent of major ice sheets in Eurasia during late Saalian to
Weichselian times based on terrestrial field work (Svendsen et al., 2004).

Furthermore, biogenic components also contribute to a change in the sediment
composition within the sedimentary sections: as a rule, the contents of planktonic
and benthic foraminifers, calcareous nannoplankton and deep-water ostracods are
increased in sediments of MIS 1, middle MIS 3 and MIS 5e (Backman et al., 2004;
Cronin et al., 1995; Nørgaard-Pedersen et al., 2003; Polyak et al., 2004), which is
interpreted by increased productivity due to Atlantic-water inflow and more sea-
sonally open sea-ice areas. These results are confirmed by oxygen-isotope data
(Spielhagen et al., 2004). In Holocene sediments radiolarians were found, which
are completely absent in MIS 2 sediments. The increased content of biogenic com-
ponents in the sediments of interglacial stages is confirmed by CaCO3 and TOC
data (Stein et al., 1994b). Furthermore, oxygen-isotope studies showed that inflow
of fresh waters into the Arctic Ocean, connected with the breakthrough of the
glacial lakes, was highest at 130, 80–75, and 52 ka and substantially lower at 18 ka
(Spielhagen et al., 2004).

All available data on sedimentation rates from Arctic cores dated by oxygen iso-
topes and/or AMS 14C methods, are presented in Table 9.7. Based on these data, a
number of hiatuses in the sedimentary records of many cores is obvious. The most
accurate values of sedimentation rates (SR) are obtained by AMS 14C method, i.e.,
for MIS 1, MIS 2 or parts of MIS 3 sediments. When using AMS 14C ages, one
should have in mind that the reservoir effect is likely to be higher for glacial periods
than for the interglacial periods (Backman et al., 2004). For the continental margins
we considered SR only for the continental slopes and the continental rises (without
the shelves) (for locations of sediment cores see Fig. 9.15). In other respect, the
methodology was similar to that described in the chapter about the sedimentation
rates in the Norwegian-Greenland Basin.

For the first time, schematic maps of the distribution of sedimentation rates have
been compiled for each of the five last MIS as a result of the accomplished work
(Levitan and Stein, 2007). Thus, history of SR for the last 130 ka has been illumi-
nated for the Arctic Ocean.

According to the SR map for the MIS 5 (Fig. 9.16) is evident that the gradation
of more than 5 cm/ky is located only in the area of the Fram Strait, and also, in the
southern end of the Lomonosov Ridge. The gradation 1–5 cm/ky is located at the
continental margin of the Northern Greenland and the Barents-Kara basin, and the
extensive areas of the Nansen Basin and Lomonosov Ridge. SR distribution of less
than 1 cm/ky is observed at the Gakkel Ridge, in the Amundsen and Makarov Basins.

The MIS 4 is characterized by somewhat different nature of SR distribution
(Fig. 9.17). The gradation of more than 5 cm/ky in the Fram Strait was inherited
from the previous stage, and it is also possible to assume its development along the
continental margin of the Barents, Kara and Laptev Seas. The minimum (less than
1 cm/ky) SR distribution areas are contoured around the Gakkel Ridge and in the
Makarov Basin. Distribution areas of SR from 1 to 5 cm/ky cover the extensive areas
of the Nansen Basin and Amundsen Basin sea floor, and are found at the Lomonosov
Ridge.
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Fig. 9.15 Location of studied sediment cores in the Arctic Ocean

During MIS 3 the areas of SR distribution with more than 10 cm/ky (Fig. 9.18)
have appeared. They are related to the continental margin of northeastern Greenland
and the Laptev Sea. The gradation 5–10 cm/ky borders the previously contoured
gradation for MIS 4 from the north and towards the central area of the Fram Strait.
There is a reason to consider that this gradation has been also extended along the
continental margin of the Barents, Kara and Laptev Seas. Furthermore, a separate
spots of SR from 5 to 10 cm/ky were observed in the northern part of the Lomonosov
Ridge. The distribution pattern of gradation 1–5 cm/ky is located to the north from
the areas of development SR with 5–10 cm/ky, occupying the Yermak Plateau, the
southern part of the Nansen Basin and the large part of the Lomonosov Ridge. The
very extensive areas of sea floor in the Nansen, Amundsen and Makarov basins, and
also on the Gakkel Ridge and Mendeleev Ridge have been the arena of the low SR,
in particular, with less than 1 cm/ky. Uneven distribution of sedimentation processes
along the extension of the Lomonosov Ridge is noteworthy.
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Fig. 9.16 MIS 5 sedimentation rates (SR) (cm/ky) in the central Arctic Ocean (Levitan and Stein,
2007)

During MIS 2 the areas with SR distribution of more than 20 cm/ky have been
located, for example, in the continental margin of the Barents Sea and, to a lesser
degree, in the Laptev Sea (Fig. 9.19). Gradations 10–20, 5–10 and 1–5 cm/ky have
been consecutively bordering the above mentioned areas northwards. Furthermore,
as in the MIS 3, the gradation of 10–20 cm/ky was observed in the continental
margin of northeastern Greenland. Almost entire central Arctic (Gakkel Ridge,
Amundsen Basin, northern half of the Lomonosov Ridge, Makarov Basin, and
Mendeleev Ridge) was occupied by SR distribution of less than 1 cm/ky.

During MIS 1 the SR distribution of more than 20 cm/ky are reliably charted
in the continental margin of the Laptev Sea and Barents Sea (Fig. 9.20). In the
north of the Kara Sea such high values are known only directly to the north from
Novaya Zemlya (in the southern part of the St. Anna Trough) (Hald et al., 1999).
SR has reached 135 cm/ky in the fan of the Mackenzie River. As an exception,
on this map we showed the results of SR calculations for the sediment core on
the continental rise of the marginal Northwind Plateau located in the Chukchi Sea,
composed by turbidites, which sedimentary matter was brought from the area of the
underwater delta of the Mackenzie River (Grantz et al., 1999). The noted strip of
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Fig. 9.17 MIS 4 sedimentation rates (SR) (cm/ky) in the central Arctic Ocean (Levitan and Stein,
2007)

gradation distribution of more than 20 cm/ky along the continental margin of Eurasia
is contoured northwards by areas of development of SR distribution with 10–20 and
5–10 cm/ky. At this time the northeastern part of Greenland has no longer been a
sufficiently powerful source of terrigenous matter. The small field of values of more
than 10 cm/ka in the western slope of the Yermak Plateau and in the Fram Strait is
rather connected with the unloading of sedimentary matter from the melted sea ice
and icebergs, which were carried by the Transpolar Drift from the Central Arctic.
The distribution pattern of SR gradation 1–5 cm/ky clearly reflects the circumcon-
tinental sedimentation zonality; however, the sedimentation rates of this order are
quite widely developed at the Lomonosov Ridge as well. Actually, with this excep-
tion, during MIS 1 the entire Central Arctic was the arena of slow sedimentation
rates of less than 1 cm/ky.

The results show unambiguously that the SR value in both types of continental
margins was higher in each of five MIS than in pelagic zones; i. e. circumcontinen-
tal zonation was prominent during the last climatic cycle. A basically different SR
distribution by age is observed at glacial and nonglacial margins (Fig. 9.21). For
instance, average SR values increase at glacial margins from MIS 5 to MIS 2 and
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Fig. 9.18 MIS 3 sedimentation rates (SR) (cm/ky) in the central Arctic Ocean (Levitan and Stein,
2007)

then decrease during MIS 1. This regularity completely coincides with the pattern
described for the Nordic Seas (their continental margins and pelagic zones) (Levitan
and Stein, 2007, 2008; Levitan et al., 2007). Hence, like in the Nordic Seas, the
SR history within glacial continental margins of the Arctic Ocean was governed,
first of all, by the history of glaciations of the Northern Hemisphere, i.e., the his-
tory of variations in the volume of ice sheets. The SR value of deglaciated mar-
gins also increased from MIS 5 to MIS 3, slightly decreased during MIS 2, and
sharply increased during MIS 1. Hence, the glaciation history of the Northern Hemi-
sphere was no longer crucial for margins of that type. Along with the ice factor,
other mechanisms were also in force and they need further investigations. If we per-
form smoothing of data on all continental margins of the Arctic Ocean, the time
distribution of SR values will resemble the regularity obtained for glacial margins
(Table 9.8).

Temporal variation trends of SR in pelagic zones coincide for both ridges and
deep-sea basins: SR values has been steadily decreasing from MIS 5 to MIS 2 and
then increasing during MIS 1 (Fig. 9.22). At the same time, average SR values are
usually higher in deep-sea basins than on ridges, except for MIS 1. Thus, an inverse



History of Sedimentation 147

Fig. 9.19 MIS 2 sedimentation rates (SR) (cm/ky) in the central Arctic Ocean (Levitan and Stein,
2007)

correlation is clearly defined in pelagic zones between average SR values and the
ice volume in glaciers of the Northern Hemisphere.

In our opinion, the opposite temporal variation trends of SR for continental
glacial margins and pelagic zones are accounted for the climate-related glaciation
history of the Northern Hemisphere, but the mechanisms of SR variations were dif-
ferent. For instance, as was discussed above, the lateral supply of terrigenous matter
by glaciers and subglacial flows (“the bulldozer effect” included) from the surround-
ing land plays the leading role for continental slopes and rises of glacial margins.
In pelagic zones, the thickness and compactness of ice, which are directly propor-
tional to severity of the climate (the extent of glaciation development), correlate
negatively with the SR due to a lesser intensity of melting during cold epochs.
Hence, the ocean floor should receive less sedimentary matter in glaciation peri-
ods than in warm epochs. This conclusion is also confirmed by numerous hia-
tuses in sediment sequences of ridges and basins that are often confined to MIS 2
(Poore et al., 1999), i.e., the epoch of the most severe glaciation in the last climatic
cycle.

Turning back to the discussion about the SR typical of Arctic deep-water sedi-
ments and based on our generalization of data (Table 9.8), we can conclude that the
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Fig. 9.20 MIS 1 sedimentation rates (SR) (cm/ky) in the central Arctic Ocean (Levitan and Stein,
2007)

SR values have comprised cm/ky in most zones during the last climatic cycle, and
the SR has commonly decreased to mm/ky during MIS 2.

In the following, we consider examples of sedimentation history in the Arctic
Ocean at the Yermak Plateau and Central Arctic.

History of Sedimentation on the Yermak Plateau During
the Last 190 ka

Lithology and Mineral Composition of Middle Pleistocene-Holocene
Sediments

During Polarstern Cruise ARK-XIII/2, sediment cores were retrieved with gravity
corers and Kastenlot corers (elongated box corers) on the Yermak Plateau (Stein
and Fahl, 1997) and its slopes and comprehensively (layer-by-layer) described
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Fig. 9.21 Histograms of average SR (cm/ky) distribution for glacial (black) and non-glacial (light)
continental margins of the Arctic Ocean for the last five marine isotope stages (MIS) (Levitan and
Stein, 2007)

(Fig. 9.11). Cores PS2837, PS2834, and PS2859 have been comprehensively stud-
ied. The key core for stratigraphic age model is Core PS2837 (see below).

Sediment Core PS2837 (Water Depth 1023 m)

This core is unique for the Yermak Plateau. The Holocene sedimentation rate typ-
ically does not exceed a few centimeters per thousand years in this region (Levitan
et al., 2000b). However, in sediment core PS2837 the Holocene sequence is about
2.5 m thick (Nørgaard-Pedersen et al., 2003); i.e., the sedimentation rate is an order
of magnitude higher than the normal value. Sediments were probably accumulated
in a very limited area in the pocket in the upper western slope of the Yermak Plateau.

Stratigraphy

The age model of sediment core PS2837 is based on 15 AMS 14C datings and
oxygen-isotope stratigraphy (Hass, 2002; Nørgaard-Pedersen et al., 2003). Primary
values of radiocarbon ages were corrected for a reservoir effect of 400 yr (Stuiver
and Braziunas, 1993). Age boundaries of marine isotope stages (MIS) are according
to (Martinson et al., 1987). The oldest date (more than 49 ka) corresponds to sen-
sitivity limit of the applied method and, therefore, was omitted in the age model.
Based on the available oxygen isotope and IRD distribution data (see below), we
assume that sediments of the core bottom did not reach Substage MIS 5e (i.e.,
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Table 9.8 Spatial and temporal distribution of sedimentation rates (cm/ky) and its ratio in the
Arctic Ocean during the last five MIS (by M.A. Levitan)

Sedimentation rates (cm/ky) Ratios of sedimentation rates
for pairs of MIS

Regions MIS 1 MIS 2 MIS 3 MIS 4 MIS 5 MIS 1/
MIS 2

MIS 2/
MIS 3

MIS 3/
MIS 4

MIS 4/
MIS 5

I max 27.65 43.18 15.40 7.50 6.34 – – – –
min 0.00 0.00 0.59 2.00 1.28 – – – –
average 7.71 12.06 4.89 3.59 2.50 0.64 2.47 1.36 1.44
n 16 16 10 9 8 16 10 9 8

II max 38.00 10.20 13.60 4.29 2.70 – – – –
min 0.63 2.00 1.86 2.70 0.54 – – – –
average 13.89 6.63 7.19 3.50 1.62 2.09 0.92 2.05 2.16
n 12 4 4 2 2 4 4 2 2

III average 10.36 10.97 5.55 3.57 2.32 0.94 1.98 1.55 1.54
n 28 20 14 11 10 20 14 11 10

IV max 5.20 5.80 3.40 4.00 5.20 – – – –
min 0.17 0.00 0.17 0.21 0.60 – – – –
average 1.15 0.79 0.89 1.69 1.87 1.46 0.89 0.53 0.90
n 20 20 15 7 5 20 15 7 5

V max 4.00 3.40 6.17 3.91 3.80 – – – –
min 0.00 0.00 0.23 0.14 0.80 – – – –
average 1.01 0.85 1.37 1.96 2.29 1.19 0.62 0.70 0.86
n 16 14 9 4 4 14 9 4 4

VI average 1.09 0.81 1.07 1.79 2.06 1.35 0.76 0.60 0.87
n 36 34 24 11 9 34 24 11 9

VII average 5.15 4.57 2.72 2.68 2.20 1.13 1.68 1.01 1.22
n 64 54 38 22 19 54 38 22 19

Note: I – continental margins, which were subjected to glaciation during LGM (Greenland, Spits-
bergen, Barents and Kara Seas); II – continental margins, which were not subjected to glaciation
during LGM (Laptev Sea, East Siberian and Chukchi Seas); III – continental margins of the Arc-
tic Ocean; IV – underwater ridges (Mendeleev, Lomonosov, and Gakkel); V – deep-water basins
(Nansen, Amundsen, Makarov, Wrangel, and Canadian); VI – pelagic areas; VII – Arctic Ocean.

Eemian Interglaciation). The calculated sedimentation rates indicate increasing sed-
imentation from MIS 4 to MIS 1 (Table 9.9). The sedimentation rate was less pre-
cisely determined for MIS 5 relative to the younger sediments. Nevertheless, one
may suggest that it was higher relative to MIS 4.

As it follows from Table 9.9, sedimentation rates are typical for the Yermak
Plateau up to the end of MIS 3 in the area of Core PS2837 (Nowaczyk et al., 1994;
Flower, 1996; Hevrøy et al., 1996). A change of the local relief in the upper part of
the western Yermak Plateau slope, the formation of the above-mentioned “pocket”,
probably occurred sometimes at the beginning of MIS 2.

Lithology

Sediments of MIS 1 (0–248 cm) consist of homogeneous, dark olive-gray, terrige-
nous clayey mud with rare interlayers of silty-clayey mud (Fig. 9.23). The sedimen-
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Fig. 9.22 Histograms of average SR (cm/ky) distribution for deep-sea basins (black) and ridges
(light) of the Arctic Ocean for the last five marine isotope stages (MIS) (Levitan and Stein, 2007)

tary section below 207 cm contains abundant black coating of hydrotroilite. The
microscopic study revealed that sediments are mainly composed of clay minerals,
ferruginous-clayey aggregates, and quartz and feldspar grains. Accessory minerals
include transparent heavy minerals, black ore minerals, rock fragments, volcanic
glass, planktonic foraminifer tests, coalified plant remains, sponge spicules, and
coccoliths. Plant detritus has not been found below 182 cm.

The MIS 2 sequence (248–402 cm) consists of two units. The upper unit
(290–386 cm), practically indiscernible from the overlying unit in composition,
color, and structure, is referred to MIS 2 exclusively based on radiocarbon data.
The lower unit (386–416 cm) is composed of coarser sediments mainly observed
as olive-gray sandy-silty clay mixtites (black-colored at the base). The planktonic
foraminifer content is slightly increased in some interlayers. Rare fragments of IRD

Table 9.9 Sedimentation rates (cm/ky) on the Yermak Plateau

No. of cores
and holes MIS 1 MIS 2 MIS 3 MIS 4 MIS 5 MIS 6 MIS 7

PS 2837 20.7 12.8 5.5 2.8 about 5 – –
PS 2834 3.4 5.9 3.5 5.1 3.1 >3.2 –
PS 2859 3.9 3.7 4 4.3 3.4 2 –
PS 2212 2.5 5.8 4 3.3 1.8 – –
ODP 912A 5 8.3 8.4 7.3 6.4 5.2 2.2
ODP 910C 2.1 6.2 2 5 1.8 1 1.2

Note: Blank – lack of sediments.
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Fig. 9.23 Lithology of sediment core PS2837 (Levitan et al., 2002a). 1 – clayey mud; 2 – silty
clay; 3 – fine silt; 4 – coarse silt; 5 – mictite (sandy-silty clay); 6 – mictites with IRD; 7 – silty
clay with sand admixture; 8 – clay with silt admixture; 9 – silty clay with carbonate admixture; 10
– hydrotroilite; 11 – planktonic foraminifers. H1-H6 – Heinrich events (Thiede and Tiedemann,
2001)

(black sandstone) are also present. Interlayers with very coarse sediments reveal
a “cottage-cheese structure” related to aggregation of clay minerals (Hass et al.,
2000). All layers are characterized by sharp boundaries. Sediments of both MIS 1
and MIS 2 are actually composed of similar components. However, their propor-
tions are different. Sediments of MIS 2 are considerably depleted in clay minerals
and ferruginous-clayey aggregates. Consequently, they are enriched in rock frag-
ments and quartz-feldspar clastic material.

Sediments of MIS 3 (402–598 cm) consist of dark olive-gray and sufficiently
homogeneous clayey mud. It is replaced upward the sedimentary section by lami-
nated clayey mud with alternation of olive-gray, dark yellowish brown and brown
layers. The sediments are enriched in planktonic foraminifers only at the level of
433 cm.

Sediments of MIS 4 (598–643 cm) are composed of olive-gray and dark yel-
lowish brown clayey and silty-clayey mud with increased contents of sandy and
silty fractions. The upper half of this unit is characterized by a laminated structure,
whereas the lower half is slightly enriched in planktonic foraminifers.

Sediments of MIS 5 (643–880 cm) include two units of olive-gray clayey mud
(653–782 and 828–880 cm) containing black lenses of sandy-silty clays (0.5–3.0 cm
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thick) with pyrite (up to 30%) separated by coarser-grained silty-clayey mud with-
out pyrite lenses. The uppermost part of MIS 5 is slightly enriched in planktonic
foraminifers and coccoliths.

Mineral Composition of Heavy Fraction

Many researchers, including authors of this work (Levitan et al., 1999a, 1999b) tra-
ditionally recalculated heavy-fraction data for determination clastogenic material.
We used primary analytical results in this work. The validity of this approach is
based on the following phenomenon observed in surface sediments from the Saint
Anna Trough: the domains of increased rock-fragment concentration in the light
fraction of fine sand fit the zone of maximum iceberg development (Kukina et al.,
1999). We also revealed that the highest content of rock fragments in the light frac-
tion is confined to iceberg-derived sediment interlayers rather than turbidites in sed-
iment cores from this trough (Levitan and Kukina, 2002). Since one of the main
objectives of our work was to distinguish indicators of IRD, it was essential to take
into account the amount of rock fragments. Generally, the total content of uniden-
tifiable grains and biogenic remains is approximately 2%. Therefore, we did not
recalculate the primary data.

Figure 9.23 shows the distribution of different heavy-fraction components in sed-
iment core PS2837. Maximal concentration of rock fragments is confined to the
Middle Holocene (according to data of (Nørgaard-Pedersen et al., 2003)), imme-
diately above the Thermal Optimum that took place in this region 7–8 cal. kyrs.
BP (Duplessy et al., 2001) and later. Downward the MIS 1 section, the concentra-
tion drastically decreases and reaches minimal values at the MIS 1/MIS 2 bound-
ary. In MIS 2, the concentration is generally insignificant and comparable with that
in MIS 4. The concentration of rock fragments appreciably increases in MIS 3.
It is slightly higher in MIS 5 relative to MIS 4. Some maxima fit approximately
the stratigraphic position of respective Heinrich events (Fig. 9.23) that represent
the large-scale thawing of icebergs located south of Iceland in the North Atlantic
(Thiede and Tiedemann, 2001). The core bottom is not characterized by increase in
rock-fragment content, which is typical for Substage MIS 5e sediments in the Ocean
Drilling Program (ODP) drill core from the Yermak Plateau (Flower, 1996; Hevrøy
et al., 1996) and in Core PS 2185–3/6 from the Lomonosov Ridge in the Central
Arctic (Nørgaard-Pedersen, 1997). The impressive similarity of our data with the
distribution of IRD in the studied sections may allow the following conclusions.
First, rock-fragment content in the heavy subfraction of the 63–125 mkm fraction
is an indicator of the supply of IRD. Second, variations in the supply of IRD on
the Yermak Plateau are similar to those on the Lomonosov Ridge. Hence, sediments
from Core PS 2837 did not attain the Eemian Interglaciation (MIS 5e).

Sediment core PS2837 basically reveals a similar distribution of iron oxides.
According to (Phillips and Grantz, 2001), sediments of the Central Arctic include
IRD from Eurasian provinces consisting of sandstone and siltstone with a red color
owing to the ferruginous matrix. In contrast, IRD from source provinces in North
America and Greenland contain abundant gray clastic rocks in addition to numerous
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fragments of carbonates (limestones and dolomites). Our data on iron oxide distri-
bution possibly suggests that IRD in the Yermak Plateau region is mainly delivered
via the Transpolar Drift system. This assumption is also supported by the abundance
of iron oxides (up to 10%) in sediment core PS 2892 recovered from the Voronin
Trough located west of Severnaya Zemlya (Levitan et al., 1999b). Therefore, one
cannot rule out that precisely the Severnaya Zemlya Archipelago served as the main
source of icebergs transported by the Siberian Branch of the Transpolar Drift to the
Yermak Plateau. The low content of carbonate rock fragments (Fig. 9.23), which
become abundant only near the MIS 3/MIS 2 boundary, indicates a subordinate role
of American provinces and the Beaufort Gyre in the transportation of sea ice to the
Yermak Plateau.

The distribution pattern of rutile and sphene is also similar to that of rock frag-
ments in Core PS 2837. This relationship is less typical for staurolite, sillimanite,
garnet, and apatite. Thus, these minerals are also likely to be transported by ice-
bergs. The sharp garnet increase in the heavy fraction of MIS 3 sediments suggests
a contribution of icebergs moving from the North Kara Rise (Levitan et al., 1999a).

Several components of the heavy fraction, such as grains with iron oxide coat-
ing, epidote, amphiboles, chlorite, and biotite, reveal a weak increasing trend with
depth (Fig. 9.23). Black ore components, epidote/clinopyroxene (Ep/Cpx) ratio, and
other parameters tend to increase in sediments of glacial periods (MIS 2 and MIS 4)
relative to interglacial periods (Fig. 9.23). Concentration of clinopyroxene remains
sufficiently stable throughout the sedimentary section.

Thus, clastogenic minerals generally consist of a clinopyroxene-epidote assem-
blage with the content of individual minerals exceeding 10%. Grains with iron oxide
coating are significant in sediments of MIS 2-MIS 5; iron oxides prevail in sedi-
ments of MIS 1 and MIS 2; and rock fragments are abundant in the upper part of
MIS 1 section.

Sediment Core PS2834 (Water Depth 1024 m)

Stratigraphy

This core was obtained from the upper eastern slope of the Yermak Plateau. Sedi-
ments from this core were not examined for radiocarbon dates or oxygen-isotopic
composition in planktonic foraminifers. Therefore, our age model is based on lithos-
tratigraphy and the correlation of reference horizons. For example, the MIS 1/MIS 2
boundary is drawn at the base of the regional hardground layer (Levitan et al., 2000)
estimated to have an age of about 12 cal. kyrs. BP (Kassens, 1990). The MIS 2/MIS
3 boundary is based on the so-called “black layer,” i.e., dark gray organic-rich
sandy-silty clay, which is widespread in the studied region and has a radiocarbon
age of 21–23 ka (Stein and Fahl, 1997). Cottage-cheese layers were also used as
reference horizons. In addition, we took into account data on the distribution of
wet bulk density (Niessen and Kleiber, 1997); IRD in Hole 912A (Hevrøy et al.,
1996); and CaCO3, grain size, epidote, rock fragments, Ep/Cpx ratio, garnet, apatite,
total sillimanite and staurolite, and biotite in sediment core PS2837. The obtained
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Fig. 9.24 Lithology of sediment core PS2834 (Levitan et al., 2002a). 1 – clayey mud;
2 – hardground; 3 – silty clay; 4 – silty clay with carbonate admixture; 5 – clayey silt; 6 – mictite;
7 – clayey mud with carbonate admixture; 8 – IRD; 9 – bivalves shells

results suggest that sediments of MIS 5e and MIS 6 are also present in sediment core
PS2834. The sedimentation rate, typical of the Yermak Plateau, was higher during
glacial intervals relative to interglacial ones.

Lithology

Sediments of MIS 1 (0–41.5 cm) include dark grayish brown terrigenous clayey mud
that is bioturbated in the upper part (Fig. 9.24). They are composed of clay minerals
(75%), iron oxides (10%), and ferruginous-clayey aggregates (10%). Clastic mate-
rial (quartz and feldspar) along with colored nonmetallic and black ore minerals
are subordinate. The upper half of the section is slightly enriched in foraminifer
tests and marked by rare dolomite grains. This soft mud is underlain by a thin
layer of very massive, dark reddish brown, clayey silt (hardground) at a depth of
40–41.5 cm.

The underlying sediments of MIS 2 (41.5–112 cm) consist of dark brown and
brownish gray sediments (dominating in the upper 10 cm) with 7- to 15-cm-
thick gray and olive-gray sediment layers. In terms of grain-size distribution, these
sediments correspond to clayey mud, silty-clayey mud, and silt. The sediment com-
ponents are similar to those in MIS 1, but their relationships depend on the sediment
types. Coarser-grained varieties are enriched in rock fragments, quartz, feldspars,
and other clastic material. The clay-mineral content is minimal. In silty-clayey
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and clayey mud at some levels (78 and 102 cm), foraminifer tests and their frag-
ments are abundant; clay minerals prevail in the lithogenic part; furthermore, rare
grains of volcanic glass were observed. Increased iron-oxide content was only found
at the top of MIS 2 (43 cm). Horizon 94–99 cm is composed of almost black
organic-rich silty clay. IRD (massive clay, gravelite, and clay) is present at 91–94
and 104 cm.

Sediments of MIS 3 (112–234 cm) are composed of olive-brown, grayish brown
and gray layers of silty-clayey mud. The thickness of layers varies from 6–8 to
30 cm. Iron-oxide content is increased in brown varieties. The ratio of sandy-silty
and clay fractions in different layers ranges from 3:1 to 1:1.

Sediments of MIS 4 (234–310 cm) are divided into two members. The
upper unit (234–258.5 cm) includes dark brown, olive-brown, and dark gray-
ish brown banded (cottage-cheese) clayey silt layers with distinct tops and bot-
toms. The mineral composition of the sediments includes feldspar-quartz aggregates
(35%), rock fragments (25%), clay minerals (25%), ferruginous-clayey aggregates
(5–10%), black ore minerals (7–8%), and colored minerals (3–5%). The lower unit
(258.5–310 cm) is composed of an alternation of gray, olive-brown, brown,
and reddish brown clayey and silty-clayey mud (sometimes silt) with planktonic
foraminifers and rare amounts of small shells of bivalve mollusks. Black coating of
diagenetic sulfides is typical. Coarser-grained sediments are enriched in rock frag-
ments, quartz, feldspars, and black ore minerals. The clay-mineral content does not
exceed 25%. In contrast, finer mud is mainly composed of clay minerals of up to
45–50%.

Sediments of MIS 5 (310–484 cm) are divided into three units. The upper unit
(310–364 cm) is distinguished from the lower unit of MIS 4 only by an appreciably
lower content of biogenic carbonates. The second unit (364–398 cm) is composed of
brown silt and sandy silt with a “cottage-cheese” structure (364–373 cm) and dark
gray mixtite with sandstone fragments (373–398 cm). The composition is as follows
(in decreasing order): quartz-feldspar clastics, clay minerals, rock fragments, col-
ored minerals, and ore minerals. We correlate this unit with Substage 5d. The third
unit (398–484 cm) consists of gray and olive-gray, fine clayey bioturbated mud with
pockets of black sulfides. The mineral composition includes clay minerals (up to
65%), quartz and feldspars (20%), rock fragments (5%), black ore minerals (5%),
and colored minerals (5%). Volcanic glass fragments are rare. These sediments were
probably deposited during MIS 5e.

Sediments of MIS 6 (484–675 cm) represent the lowermost part of sediment core
PS2834. They are composed of dark grayish brown, olive-brown, dark gray and gray
layers of silty-clayey and clayey mud, clayey silt, and mixtites. A weak bioturba-
tion is observed at some intervals. Patches and pockets of iron oxides and sulfides
are present. The brown variety is appreciably enriched in iron oxides. Feldspar and
quartz fragments predominate in coarser-grained sediments (up to 50%). Finer vari-
eties are mainly composed of clay minerals. The sediments occasionally contain a
minor amount of planktonic foraminifer remains.

Results of the CaCO3 analysis (Fig. 9.24) somewhat refine the data presented
above. Against the background average value of 1–4%, some higher carbonate
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contents were determined in subrecent sediments of MIS 1, lower parts of MIS 2
and MIS 4 (as much as 12–13%), MIS 5, and middle MIS 6 (6–7%). In general,
sediments of interglacial stages and terminations I (MIS 2/MIS 1 transition) and II
(MIS 6/MIS 5 transition) are enriched in biogenic carbonates.

Figure 9.24 shows that TOC content is generally less than 0.8% in the studied
sediments. TOC peaks are observed in the black layer at the base of MIS 2, upper
unit of MIS 5, and within MIS 6. Rock-Eval pyrolysis data obtained from sediments
of the adjacent sediment core PS2212 (Vogt, 1997) suggest that the organic matter
has an obviously terrigenous origin in the black layer (MIS 2) and in the sediments
at 640 cm level (MIS 6), but a marine origin in sediments from 580 cm core depth
(MIS 6). In Core PS2212, peak values did not occur in MIS 5, probably due to a
hiatus determined at this level.

Mineral Composition of the Heavy Fraction

As it was mentioned above, rock fragments (rf) in the 63–125 mkm fraction of sed-
iments from Core PS2837 and ice-rafted fragments (rf/g) in the 500–1000 mkm
fraction of sediments from ODP Hole 912A reveal a similar distribution pattern.
For example, the concentration of ice-rafted fragments is maximal (30–35%) in
sediments from the lower half of MIS 5 and MIS 6. The distribution of rock frag-
ments, iron oxides, grains with ferruginous coating, and total sillimanite and stauro-
lite along the section of Core PS2834 matches the above-described trend (Fig. 9.24).
In general, iron-oxide content is very high in this section.

Epidote and clinopyroxene, which are the two most widespread mineral groups,
demonstrate a high correlation. Figure 9.24 shows that the Ep/Cpx ratio, however,
obviously increases in sediments of glacial periods and decreases in sediments of
interglacial periods.

Concentrations of apatite, total rutile and sphene, biotite, and chlorite are also
almost similarly distributed in the section (Fig. 9.24). These minerals are charac-
terized by a single distinct peak, e.g., in the lower part of MIS 2 for apatite, in the
upper part of MIS 4 for rutile and sphene, and in the middle of MIS 5 for biotite (up
to 45%).

The garnet distribution is similar to that of the Ep/Cpx ratio with maxima during
glacial periods. Additional peaks corresponding to terminations I and II are obvious.
The garnet content is particularly high in sediments of MIS 4 and 6.

Amphiboles, black ore minerals, and carbonate fragments show a general down-
ward trend in cross-section (Fig. 9.24). Content of black ore minerals is maximal
in sediments of MIS 1 and 2 (particularly in the upper part of MIS 2). Maximal
concentration of carbonate fragments is observed at the top of MIS 3.

The analysis of stratigraphic distribution of heavy minerals revealed a predomi-
nance of the following assemblages: black ore minerals + iron oxides + Ep + Cpx
(MIS 1); black ore minerals + Cpx + Ep (MIS 2); iron oxides + Cpx + Ep (MIS 3);
iron oxides + garnet (Gr) + Cpx + Ep (MIS 4); Cpx + Ep (MIS 5); and Gr + Cpx +
iron oxides + Ep (MIS 6).
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Sediment Core PS2859 (Water Depth 1120 m)

Stratigraphy

The stratigraphic subdivision of sediment core PS2859 located on the eastern slope
of the Yermak Plateau, is based on the lithostratigraphic correlation with sediment
core PS2834. The correlation was carried out based on the following units: hard-
ground layer at the base of MIS 1; succession of coarse-grained sediments (with
a minor content of biogenic CaCO3) and black layer at the base of MIS 2; layer
with a high content of planktonic foraminifers at the base of MIS 4 and the top of
MIS 5; coarse-grained sediments and coal fragments in MIS 6; and a layer with an
increased CaCO3 concentration at the top of MIS 6. We also compared the grain-
size distribution and content of CaCO3, as well as heavy-mineral assemblages in
sediments of both cores. The presence of turbidites in sediment core PS2859 com-
plicated the lithostratigraphic correlation with sediment core PS2834. Nevertheless,
we could elaborate a hypothetical model of sediment core PS2859 suggesting the
presence of the oldest sediments among those described so far (the base of MIS 6 or
even the top of MIS 7) at the bottom of sediment core PS2859.

Based on the stratigraphic model, sedimentation rates in sediment core PS2859
increased from MIS 6 (2 cm/ky) to MIS 4 (4.3 cm/ky) and then remain relatively
stable during MIS 3 to MIS 1 (around 3.7–4 cm/ky; Table 9.9).

Lithological Characteristics

Sediments of MIS 1 (0–47 cm) consist of bioturbated brown clayey and silty-clayey
mud underlain by a hardground layer (46–47 cm) composed of massive, dark red-
dish brown, sandy-silty clay (Fig. 9.25).

Sediments of MIS 2 (47–91 cm) include gray homogeneous soft clayey mud (47–
70 cm) underlain by a unit of alternating sandy-silty-clayey sediments with 3- to 4-
cm-thick dark olive-gray and grayish brown layers characterized by the presence (or
absence) of “cottage-cheese” structure. This unit is underlain by the black layer (82–
86 cm) with “cottage-cheese” structure. At its base, the MIS 2 interval incorporates
a layer of homogeneous gray silty-clayey mud enriched in planktonic foraminifers
(86–91 cm). Sediments of MIS 2 occasionally contain dolomite, glauconite, and
coal grains.

Sediments of MIS 3 (91–231 cm) consist of strongly bioturbated brown clayey
mud that includes a small amount of silty material and rare fragments of gray stiff
silty clay (2–3 cm in diameter) in the upper part of the unit (125–140 cm).

Sediments of MIS 4 (231–295.5 cm) consist of four members (from top to bot-
tom): dark grayish brown sandy-silty clay (231–234 cm); dark grayish brown, olive-
brown, and olive-gray sandy silt with graded structure (234–266 cm); dark gray
silty clay with planktonic foraminifers and sandstone fragments 1 cm in diameter
(266–275 cm); and olive-brown sandy silt with graded structure (275–295.5 cm).
A 12 to 34 cm thick turbidite interval (layers 2 and 4) contains rock fragments,
coal grains, plant remains, and volcanic glass particles with a ferruginous coating.
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Fig. 9.25 Lithology of sediment core PS2859 (Levitan et al., 2002a). 1 – clayey mud; 2 –silty clay
with sand admixture; 3 – sandy silt; 4 – hardground; 5 – silty clay; 6 – clayey mud with carbonate
admixture; 7 – silt with sand admixture; 8 – silty clay; 9 – sandy-silty clay; 10 – sandy silt with
carbonate admixture; 11 – silty clay with carbonate admixture; 12 – clayey mud with carbonate
admixture; 13 – turbidites

Their grain size changes from sandy silt in the basal layer of cyclite to silty clay at
the top.

Sediments of MIS 5 (295.5–488 cm) are composed of olive-brown, olive, and
olive-gray clayey mud (dark gray at the base) with interlayers of olive-colored and
slightly bioturbated sandy silt in the middle part (356–370 cm). In general, this unit
is characterized by the development of differently colored centimeter-scale bands.
Clayey mud at the base (422–488 cm) includes numerous patches of black sulfides.
Sandy silt layers with abundant rock fragments are underlain and overlain by fine
mud layers with planktonic foraminifer remains. These silt layers were probably
deposited during MIS 5d.

Sediments of MIS 6 (488–611 cm) contain two units. The upper unit
(488–532 cm) includes gray, olive-gray, and grayish brown turbidites with coal frag-
ments up to 1.2 cm in diameter. An interlayer of yellowish brown sandy silt without
graded structure is observed at the interval of 500–512 cm. The coarser-grained vari-
ety of turbidite is enriched in rock fragments, coal grains, glauconite, and pyrite. The
turbidite of the lower part is slightly enriched in biogenic CaCO3. Turbidite mem-
bers, 12–20 cm thick, are composed of cyclites (thickness 6–7 cm) with 1–2.5 cm
thick layers. The turbidite includes sediments ranging from sandy silt at the cyclite
base to silty clay at the top.

The lower unit (532–611 cm) consists of an alternation of olive-brown mixtites
(mainly down to a level of 562 cm) with gray and olive-gray clayey mud. The
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mixtites contain abundant biogenic calcite and rock fragments with ferruginous
coating. Dolomite and glauconite grains are subordinate. An ice-rafted sandstone
fragment was registered at the level of 576 cm. The hardground layer composed of
dark yellowish brown and massive silty clay is located at 593–595 cm.

Presumably sediments of MIS 7 are exposed at the base of sediment core PS2859
(611–636 cm). They consist of homogeneous dark gray clayey silt and silty-clayey
mud with numerous black sulfide patches. These sediments are mainly composed
of rock fragments and mineral grains (quartz, feldspar, calcite, and iron oxides).
Some grains have a ferruginous coating. The clay-mineral content does not exceed
25–30% even in the finest fraction.

Results of the granulometric and chemical analyses (Fig. 9.18) supplement the
lithological characteristics of the studied core. The gravel-sized grains generally
account for <0.5%. They increase up to 2.3–2.4% in the black layer (MIS 2 base)
and turbidites of MIS 6 and account for 4.3% in MIS 4 turbidites. In general, the
sand concentration correlates with the gravel content variation. Against the back-
ground value of 2%, sediments of MIS 2 display a slight enrichment up to 3%. The
maximal content (14–18%) is observed in turbidites of MIS 4 and MIS 6. It is worth
to mention that sediments of MIS 6 are enriched in sand beyond the turbidite zone
as well.

Diagrams of CaCO3 distribution show maxima in the sedimentary section of sed-
iment core PS2859 at the base of MIS 2 (3.3%) and in sediments of MIS 4 (8%) and
MIS 6 (2%). A high CaCO3 concentration (up to 3%) is also noted at the top of
MIS 5. The maximum carbonate content is registered in silty clay layers between
turbidites in MIS 4 (266–275 cm).

The maximum content of organic carbon is confined to CaCO3-rich interlayers
with a centimeter-scale precision. In sediments of MIS 5, the TOC behavior is more
stable relative to CaCO3. Based on sediment core PS2212 data (Vogt, 1997), all of
the measured TOC peaks are related to a terrigenous organic-matter source.

Mineral Composition of the Heavy Fraction

The content of rock fragments is increased in sediments of MIS 3 and MIS 5 and
drastically decreased in turbidites of MIS 4 and MIS 6 (Fig. 9.25). The sandy
fraction of turbidites in the Saint Anna Trough is also depleted in rock fragments
(Levitan and Kukina, 2002). Variation of the total content of sillimanite and stauro-
lite along the section is similar to that of rock fragments. The content of iron oxides
and carbonate fragments is maximal in sediments of the black layer in the lower
part of MIS 2, the upper part of MIS 5, and turbidites of MIS 6. Contents of epidote,
clinopyroxenes, and amphiboles slightly increase downcore. Their concentration is
distinctly increased during interglacial stages (Fig. 9.25).

The Ep/Cpx ratio and the content of particles with ferruginous coating slightly
increase downward and demonstrate distinct peaks in the turbidites of MIS 4 and
MIS 6 (Fig. 9.25). An even more distinct correlation with sediments of glacial peri-
ods is revealed in the distribution of garnet and black ore minerals. The content of
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particles with ferruginous coating is also generally increased in the sediments of
sediment core PS2859.

Interglacial stages distinctly correlate with maximum concentrations of micas
(Fig. 9.25) and apatite (except for MIS 1). The total content of rutile and sphene in
sediments of sediment core PS2859 does not demonstrate such a distinct correlation
with climate. Their maximal contents are registered in sediments of MIS 2, MIS 4,
and MIS 5.

The turbidites of MIS 4 and MIS 6 have different mineral composition. Heavy-
mineral assemblage, with maximum concentration observed in the turbidites of
MIS 4, includes rutile, sphene, black ore minerals, garnet, and grains with ferrugi-
nous coating. The turbidites of MIS 6 are characterized by an association of carbon-
ate fragments, iron oxides, garnet, and grains with ferruginous coating. Thus, each
turbidite unit is probably related to a specific source of material.

The distribution of main heavy minerals suggests the following typical assem-
blages in sediments of different oxygen-isotope stages: Cpx + particles with ferrug-
inous coating + Ep (MIS 1); Gr + Cpx + Ep + particles with ferruginous coating
(MIS 2); Cpx + particles with ferruginous coating + Ep (MIS 3); Gr + Ep + particles
with ferruginous coating (MIS 4); Ep+ particles with ferruginous coating (MIS 5);
and Gr + Ep + particles with ferruginous coating (MIS 6).

Paleoceanographic Interpretation

Stratigraphy

The described sediment cores strongly differ from each other by many parameters,
particularly by the distribution of mass accumulation rates in the Late Quaternary
period. In sediment core PS2837, accumulation rates began to increase since MIS 2,
probably reflecting local topographical changes in the upper western slope of the
Yermak Plateau that in turn resulted in “pocket” development. The turbidites were
found in Core PS2859, in layers correlated to MIS 4 and MIS 6 that significantly
complicated the general scenario of hemipelagic sedimentation. Just based on sedi-
mentation rates, sediment core PS2834 can be considered to some extent as a typical
core of glacial sedimentation on the Yermak Plateau.

The lithostratigraphic correlation of the three described sediment cores as well as
other cores recovered during Polarstern Cruise ARK-XIII/2 (Stein and Fahl, 1997)
suggest that the age of the oldest sediments has not exceed MIS 7 neither in the
northern profile (Fig. 9.26) nor in the southern one (Fig. 9.27). Note that the abun-
dance of turbidites on the slopes of the Yermak Plateau hampers the chronological
interpretation of the sedimentary records.

The low sedimentation rate during MIS 5 of sediment core PS2212 (see
Fig. 9.11 for location) is related to a hiatus detected at this level (Vogt 1997). In
general, sedimentation rates calculated on the basis of hypothetical age models of
sediment cores PS2834 and PS2859 correspond to standard values for reliably dated
sections in the Yermak Plateau area. A slightly increase of sedimentation rate during
MIS 4 of sediment core PS2859 is attributed to the presence of turbidites.
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Fig. 9.26 Lithostratigraphic correlation of sedimentary sections along to the northern transect at
Yermak Plateau (Levitan et al., 2002b). Location of profiles is shown at Fig. 9.11. 1 – clayey mud;
2 – sand; 3 – silt; 4 – silty clay; 5 – hardground; 6 – clayey mud with carbonate admixture; 7 – silt
with carbonate admixture; 8 – IRD; 9 – turbidites

The comparison of data from Holes 912A (Hevrøy et al., 1996) and 910C
(Flower, 1996) (see Fig. 9.11 for locations of holes) clearly shows that sedimen-
tation rate was lower during all oxygen isotope stages for Hole 910C located on the
plateau crest relative to Hole 912C drilled on the western slope. However, an actual
distribution of sedimentation rate is specific for each section. Based on an overview
of available data, one can assume that the sedimentation rate tends to increase during
glacial periods (at least during the last climatic cycle, i.e., from MIS 5 to MIS 1).

Lithology

Based on the data presented above, general facies differences of marine sediments
accumulated during glacial and interglacial periods on the Yermak Plateau can be
indentified. Sediments of glacial intervals are obviously coarser-grained than inter-
glacial and interstadial sediments. The presence of mixtites in respective parts of
the sedimentary sections indicates a poorer sorting of glacial sediments. This is also
confirmed by the occurrence of the most amount of IRD during glacial periods.

The interpretation of color variations in sediments is much less obvious. On
the one hand, gray-colored sediments are slightly increased during glacial periods
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Fig. 9.27 Lithostratigraphic correlation of sedimentary sections along to the southern transect at
Yermak Plateau (Levitan et al., 2002b). Location of profiles is shown at Fig. 9.11. 1 – clayey mud;
2 – sand; 3 – silt; 4 – silty clay; 5 – clayey mud with foraminifers admixture; 6 – silty clay with
foraminifers admixture; 7 – interlayering of clayey mud and sandy silt; 8 – hardground; 9 – clayey
mud with carbonate admixture; 10 – interlayering of silt and clayey mud; 11 – silt with carbonate
admixture; 12 – hydrotroilite; 13 – IRD; 14 – admixture of foraminifers; 15 – bivalves shells;
16 – turbidites

relative to interglacial ones. On the other hand, the available data on sedimentation
rates, IRD, and lithological composition indicate that the color variations are gov-
erned not only by primary sedimentary factors but also by diagenetic processes. The
iron oxides probably supplied by icebergs play a significant role. It appears that, in
general, sedimentary processes were presumably more essential than the diagenetic
ones, because reddish to brown and gray sediments occur in sedimentary sequences
of both glacial and interglacial periods.

Furthermore, structural differences are very distinctive. Bioturbation is more
often and intensely developed in sediments of interglacial stages as well as dia-
genetic structures caused by the presence of iron sulfide patches and lenses. The
sediments of glacial periods are characterized by fine layering, abundance of
“cottage-cheese” structures, and graded bedding.

Concerning the abundance of turbidites at the slopes of the Yermak Plateau
(Figs. 9.26 and 9.27), we suppose that the presence of turbidites in MIS 4 and
MIS 6 of sediment core PS2859 is not accidental. Turbidites (glacio-turbidites)
were mostly accumulating on continental slopes of the Arctic Seas especially during
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glacial stages of the oceanic periglacial environment (Matishov, 1984). Their devel-
opment is associated with glacioeustatic sea-level falls. The exposed looze sed-
iments were eroded, transported, and accumulated on the continental slopes and
rises, in particular by turbid currents.

However, we suggest that a different mechanism of turbidite sedimentation prob-
ably occurred on the slopes of the Yermak Plateau during glacial periods. The shelf
glaciers and sea ice that existed at that time in the outer marginal shelf and the
upper continental slope directly overlapped bottom sediments of older epochs. The
sea ice included much IRD that was precipitating on the Yermak Plateau during
drift and melting of sea ice under relatively warm conditions in the Fram Strait area.
Precipitation of large amounts of sedimentary material on slopes caused a devel-
opment of suspended flows including turbid currents. The accumulated sediments
were complemented by locally derived sediments due to the bottom erosion upon
flows moving.

Thus, the origin of coarse-grained material encountered in basal layers of tur-
bidite units cannot be related just to IRD as it is used to suggest. Glacio-turbidites
of continental slopes of the Arctic Seas could not be accumulating on the slopes
of the Yermak Plateau during the glacial periods due to the described above geo-
morphologic reasons. However, during the interglacial periods, prevalence of dif-
ferent mechanism of sediment incorporation into the sea-ice (freezing of sea-water
containing suspended matter, particularly in polynyas) contributed to the supply of
finer-grained sediments in much lesser amount than it would be sufficient for tur-
bidite development.

Discussing the given issue, one cannot ignore the presence of deep plough marks
on the crest surface of the Yermak Plateau. The plough marks were left during the
movement of either the Barents Sea Ice Sheet or huge deep-draft icebergs dur-
ing past glacial periods (Vogt et al., 1994). The eroded material could be trans-
ported onto the slopes of the plateau to form local turbidites. The plough marks
were also registered in Parasound records during Polarstern Cruise ARK-XIII/2
(Stein and Fahl, 1997, and further references therein). To determine during which
glacial period (i.e., the age) the plough marks were formed, is an important issue.
In ODP Hole 9I0C Quaternary sediments with normal physical properties overlay
extremely stiff consolidated sediments. Consolidation was attributed to the impact
of a thick ice cover or deep-draft icebergs (Flower, 1996; Kristoffersen et al., 2004).
Simultaneously, strong erosion occurred on top of the plateau surface. The age
of this event was dated to be 660 ka or older (MIS 16 or MIS 19/20?) (Flower,
1996; Knies et al., 2007). As it was mentioned above, the studied sediment cores
do not contain sediments older than MIS 7. Hence, the mechanism proposed by
(Flower, 1996) could not have developed the turbidites found in these sediment
cores.

Distribution of CaCO3 mainly composed of planktonic foraminifer tests revealed
the confinement of maximum CaCO3 concentrations in the studied cores to the fol-
lowing episodes: middle MIS 6 (Substage 6c); lower, middle, and upper MIS 5
(substages 5e, 5c, and 5a); uppermost MIS 3 (3a); lower MIS 2 (termination IA);
and MIS 1 (termination IB and upper part of Holocene).
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High concentrations of planktonic foraminifers are locally found in sediments of
MIS 4 in sediment core PS2837. Seasonal periods of active Atlantic-water inflow
are marked by maximal concentrations of planktonic foraminifers. These periods
occasionally induced the development of ice-free water and promoted an increase in
primary production. These events took place mainly during the interglacial periods
and transition phases between interglacial and glacial stages (particularly during ter-
minations). It should be emphasized that even glacial maxima (e.g., MIS 2) included
short-period episodes of intense delivery of Atlantic waters into the Yermak Plateau
area.

Based on the study of planktonic foraminifers, a number of researchers have
come to similar conclusion (Spielhagen, 1991; Flower, 1996; Hald and Aspeli, 1997;
Hebbeln and Wefer, 1997). According to (Wollenburg et al., 2001) the reconstructed
paleoproductivity maxima based on benthic foraminifers on the Yermak Plateau
do not correspond to the episodes of intense planktonic foraminifer concentration
in bottom sediments, although the maxima appear to be confined to the above-
indicated time intervals in less detailed chronological correlations.

Mineralogy

We have determined approximately 40 components (mainly minerals) in the heavy
subfraction of the 63–125 mkm fraction. All of the studied cores contain the follow-
ing major components (10% or more): iron oxides, grains with ferruginous coating,
rock fragments, epidote, clinopyroxene, and garnet. Hypotheses on sources of these
components and pathways of their transportation are based on the distribution pat-
tern of heavy minerals in surface sediments in the Arctic Ocean and its marginal
seas (Belov and Lapina, 1961; Gurevich, 1995; Kulikov, 1961; Levitan et al., 1996,
1999a; Behrends et al., 1999; see Stein, 2008 for most recent synthesis). Areas of
the Laptev Sea and, to a lesser degree, Kara Sea serve as the main source of sea
ice today (Gordienko and Laktionov, 1969). Spitsbergen, Franz-Josef Land, North-
ern Island of Novaya Zemlya, and Severnaya Zemlya are the main producers of
icebergs at the Eurasian margin of the Arctic Ocean (John and Sugden, 1975).

The assemblage of black ore minerals, epidote, and clinopyroxene, developed in
the surface sediments along the Siberian Branch of the Transpolar Drift, occurs on
the Yermak Plateau as well (Belov and Lapina, 1961). Sources of these minerals are
located in the eastern Kara Sea and western Laptev Sea. As mentioned above, this
mineral assemblage also dominates in the studied core sections. Therefore, one can
suppose the prevalence of Eurasian sources of lithogenic sandy material for sedi-
ments on the Yermak Plateau and the major role of sea ice of the Siberian Branch for
transportation of sandy material. The dominance of sea ice of the Siberian Branch
for the Yermak Plateau region is also supported by independent clay-mineral data in
the sedimentary material of the Arctic sea ice (Dethleff et al., 2000).

The present northern slope of Spitsbergen is a zone of accumulation of an
amphibole-pyroxene assemblage (Belov and Lapina, 1961). Therefore, Spitsber-
gen can hardly be considered as major province of heavy minerals for the Yermak
Plateau. However, the invasion of icebergs via the Barents Sea is quite probable.
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Based on heavy-mineral data (Belov and Lapina, 1961; Behrends, 1999) it is
possible to assess the contribution of the Polar Branch of the Transpolar Drift in the
delivery of heavy minerals to the Yermak Plateau. The heavy-mineral assemblages
in the surface sediments beneath this current system indicate that sea ice in the Polar
Branch mainly transports minerals of the epidote-amphibole assemblage. As noted
above, this assemblage was not detected just by itself in the studied sediment cores.
However, the heavy-mineral distribution in sediment core PS2837 located on the
western slope of the Yermak Plateau slightly differs from the distribution pattern in
sediment cores PS2834 and PS2859 recovered from the eastern slope. For example,
sediments of MIS 3 and particularly MIS 5 from sediment core PS2837 reveal a
synchronous increase in the concentration of amphiboles and epidote against back-
ground values of rather stable clinopyroxene content.

These results suggest a low contribution of IRD from the Polar Branch of the
Transpolar Drift. Such phenomenon is missing in the cores PS2834 and PS2859.
The concentration of micas is increased in sediments of interglacial stages due to
their delivery from the eastern Laptev Sea (Behrends, 1999; Peregovich, 1999); i.e.,
this phenomenon is also related to the Polar Branch ice. The detailed study of heavy
minerals in sediment core PS2185, which was recovered from the Lomonosov Ridge
located beneath the Polar Branch, and sediment core PS2757, which was also recov-
ered from the same ridge but beneath the Siberian Branch, revealed significant dif-
ferences (Behrends, 1999). In general, the studied sediment cores from the Yermak
Plateau are more similar to sediments of sediment core PS2757 in terms of heavy-
mineral assemblages.

Detrital CaCO3 concentration is an indicator of the American and Greenland
provinces in the studied fraction (Darby et al., 2002). In general, CaCO3 con-
centration does not exceed 0.5–1.5%, suggesting a negligible contribution of the
above-mentioned provinces and a minor role of the Beaufort Gyre in the delivery of
sedimentary material to the Yermak Plateau. The role of the gyre slightly increased
only at the MIS 2/MIS 3 boundary, which is registered in all of the studied sedi-
ment cores. This phenomenon is also recorded in sediment core PS2185 from the
Lomonosov Ridge (Behrends, 1999). Smaller peaks were also found at 7 ka BP,
Termination IB, top of MIS 5, and Termination II.

We propose the total content of rock fragments and iron oxides in the heavy
fraction to be a proxy of IRD. Maximum values of this parameter in sediment core
PS2837 correspond to stratigraphic positions of a number of the Heinrich Layers in
the North Atlantic (Bond et al., 1992), i.e., H0 (Younger Dryas), H2, H4 H5, and H6
events (Fig. 9.28). Hence, the proposed proxy can be actually applied for the study
of IRD distribution. Additionally, we found that some Heinrich events coincide with
periods of iceberg production maxima in remote northern areas of the Arctic Europe.
According to data by (Grousset et al., 2000), these events took place during the first
few hundred years of short-term cooling episodes and marked the unstable state of
continental glaciers.

Thus, maximum IRD concentrations on the Yermak Plateau (Fig. 9.28) are
related to sediments of MIS 6 (without turbidites), lower MIS 5, MIS 3 (partic-
ularly, H4 and H2 levels), and the upper half of MIS 1. The comparison of actual
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Fig. 9.28 Distribution of IRD in sedimentary sections from Yermak Plateau (Levitan et al., 2002b).
For core locations see Fig. 9.11
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data shows that maximum concentrations of CaCO3 and IRD have never been found
in the same layer though they are often alternated in the sediment sequence. This
fact is optional evidence in favor of our interpretation; i.e., increase in carbonate
content is related to warming (interglacials) while IRD concentration is connected
to cooling (glacial) periods. This conclusion is consistent with data on the Central
Arctic presented in (Nørgaard-Pedersen, 1997; Polyak et al., 2004; Spielhagen et al.,
2004).

At present, main source of clinopyroxenes found in sediments from the Eurasian
continental margin and adjacent deep-sea areas, is the Putoran Plateau in Siberia,
washed out by tributaries of the Yenisei, Yana, and Khatanga rivers. The Putoran
Plateau is known to be composed of Permian-Triassic trap rock. Trap rock of Taimyr
and Jurassic-Cretaceous plateau basalts of Franz-Josef Land play a subordinate role
in the supply of clinopyroxenes. Highest concentrations of the clinopyroxene group
and lowest Ep/Cpx values are characteristic for present sedimentation environment
in the eastern Kara Sea and western Laptev Sea. The comparison of main heavy-
mineral assemblages in sediments of the Yermak Plateau with those in these areas
of the Eurasian margin as well as the consideration of the major role of this area in
the production of present sea ice, allow the following conclusion.

The western Laptev Sea and the eastern Kara Sea served as the main source
provinces for sea ice that obviously dominated over icebergs during the studied
time interval. At the same time, it is evident that the sediments on the Yermak
Plateau mainly derived from Eurasian sources. Therefore, sedimentary material in
the studied region has a mixed composition. This is also indicated, in particular, by
the Ep/Cpx value which is significantly higher relative to that in discharge areas of
rivers that drained the Putoran Plateau (Levitan et al., 1996; Behrends et al., 1999).

Distribution of heavy minerals in sediments of glacial and interglacial periods is
a complicated issue. The same minerals (e.g., epidote group) can be concentrated
in sediments of glacial stages in one sediment core or in sediments of interglacial
stages in another core. In the third core, they can behave indifferently relative to
climatic fluctuations. Nevertheless, based on the generalization of all data on heavy
minerals, one can conclude that the Ep/Cpx ratio can be used as an indicator for
glacial periods, whereas the garnet content is less applicable. Micas, rock fragments,
clinopyroxenes, and amphiboles are typical indicators for interglacial intervals. The
Ep/Cpx ratio, which is increased in cold epochs, is probably one of the most distinct
climate proxy (Table 9.10).

Suggesting that discharges of the Ob, Yenisei, Yana, and Khatanga rivers were
obviously higher during interglacials relative to glacials, this should also be reflected
in the Ep/Cpx ratio, i.e., the ratio should be decreased in interglacial sediments. This
assumption is supported by data in Table 9.10. At the same time, it is reasonable
to suppose a strengthening of discharges of the Lena, Indigirka, and other rivers,
which drain into the marginal seas influenced by the Polar Branch of the Transpolar
Drift, during interglacial intervals. This phenomenon – as suggested – is reflected in
interglacial sediments by increased concentrations of amphiboles and micas as also
shown in our data (Table 9.11) based on recalculation of the total content of these
minerals into IRD-free material (i.e., without consideration of rock fragments and
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Table 9.10 Epidote/pyroxene ratio in sediments of different marine isotope stages [Levitan et al.,
2002b]

MIS PS 2837 PS 2834 PS 2859

1 1,2 0,9 1,2
2 1,5 1,2 1
3 1,7 1 1,7
4 0,8 1,2 4,3
2–4 1,5 1,1 2,2
5 1,4 1,1 2,2
6 – 1,4 2,9
7 – – 2,6

Note: Blank means lack of sediments.

Table 9.11 Total content of mica and amphiboles (rel. %) in sediments of the Yermak Plateau
calculated for IRD-free matter [Levitan et al., 2002b]

MIS PS 2837 PS 2834 PS 2859

1 12.8 9.9 8.3
2 11.4 7.9 4.4
3 13.5 15.0 11.0
4 16.6 10.9 2.3
2–4 13.0 11.9 7.7
5 15.1 14.3 7.3
6 – 9.5 3.0
7 – – 9.6

Note: Blank means lack of sediments

iron oxides). This approach naturally increased the relative importance of the Polar
Branch in sea ice transportation of sedimentary material to the Yermak Plateau; i.e.,
the drift trajectory shifted to the south.

Thus, our mineralogical data indicate an increase of discharge of Siberian rivers
during interstadial and interglacial periods (Table 9.11). The increased delivery of
fresh and warm waters during such periods inevitably altered density stratification of
the Arctic water column and its thermohaline circulation. The distribution of amphi-
boles and micas in the studied cores suggests a sporadic nature of these processes.

The present (MIS 1) Putoran Plateau is known to be free of glaciers and easily
eroded by rivers. The plateau was only partly covered by glacier during MIS 4, but
was completely covered by glaciers during the Glacial Maximum of MIS 6 (Late
Saalian) (Svendsen et al., 2004). However, the entire plateau was free of ice dur-
ing interstadial and interglacial periods. Variations in Ep/Cp ratio throughout the
sediment core PS2834 (Table 9.10) are quite well explained by the Middle-Late
Quaternary history of the Putoran Plateau. Thus, Ep/Cpx value serves as an addi-
tional argument in favor of the Siberian origin of the major part of heavy minerals
in fine sands of the Yermak Plateau.

We assume that iron oxides in sediments of the Yermak Plateau were derived
from both the North Kara Rise and the Severnaya Zemlya Archipelago, while
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garnets were mainly supplied from the North Kara Rise (Levitan et al., 1999b).
Additional data are necessary to specify sources of other heavy minerals.

Finally, concluding the discussion of sources of heavy minerals, we should def-
initely admit the major role of the Eurasian provinces. Icebergs and sea ice trans-
ported lithogenic sand via the Siberian Branch of the Transpolar Drift to the Yermak
Plateau area from the sources mentioned above.

An overview of reference data regarding the mineralogical composition of silty-
clay fractions in sediment core PS2212 is given in (Vogt, 1997) and summarized in
the following. The silt is composed of the following minerals (in decreasing order):
quartz, phyllosilicates (clay minerals and micas), and feldspars (plagioclases and
potassic feldspars). Quartz prevails in sediments of the glacial intervals whereas
phyllosilicates dominate in sediments of interglacial (interstadial) stages. There are
observed irregular variations of quartz/feldspar and K-feldspar/plagioclase ratios
throughout the sedimentary sections. As in the 63–125 mkm fraction, the silty
fractions of interglacial stages are characterized by high mica contents. The sim-
ilarity is emphasized by the presence of a strong biotite peak at the middle part
of the MIS 5 period. Therefore, we suggest that lithogenic silt was mainly trans-
ported by sea ice from Eurasian sources. This inference is supported by the sim-
ilarity of distribution pattern of sandy and silty fractions throughout the sediment
core PS2834 (Levitan et al., 2002a) and the abundance of reworked Upper Creta-
ceous palynomorphs derived from the Eurasian shelves in the Upper Quaternary
sediments of the Yermak Plateau (Willard, 1996).

The clay fraction is mainly composed of clay minerals (illite, chlorite, kaolinite,
and smectite), feldspars, and quartz. Smectite and quartz prevail, and the kaolin-
ite/chlorite ratio is high in sediments of glacial stages. Sediments of interglacial
stages are characterized by high illite contents and low kaolinite/chlorite, smec-
tite/kaolinite, and smectite/(illite + chlorite) ratios (Vogt, 1997). In contrast, bottom
sediments recovered from the continental slope of the Laptev Sea clearly show high
clay fraction content in sediments of warm stages and high illite content in sediments
of cold stages (Müller, 1999). We believe that this discrepancy might be explained
by the existence of different provinces on the Yermak Plateau for sandy and silty
fractions of sediment on the one hand, and for the clay fraction, on the other hand.
As mentioned above, the coarser-grained fractions were probably derived from the
Eurasian provinces and subsequently transported by sea ice and icebergs. Provinces
of the clay fraction of sediments on the Yermak Plateau were presumably located in
the North Atlantic (including the Norwegian-Greenland Basin) and its continental
margins. The minerals were mainly transported by oceanic current systems. Previ-
ously, H. Berner came to a similar conclusion based on clay mineral research in the
surface sediments from the Fram Strait (Berner, 1991).

Finally, the geographic location of the submarine Yermak Plateau in the transi-
tional zone between glacial sedimentation systems with seasonal and permanent ice
covers played a crucial role in the evolution of sedimentary processes on the plateau
throughout the last 190 ka. As today, periods of seasonal ice cover were character-
ized by intense accumulation of fine-grained sediments and remains of planktonic
and benthic foraminifers, whereas periods of permanent ice cover were marked by
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Fig. 9.29 Evolution scheme of some paleoceanographic and paleogeographic parameters in the
Arctic (Levitan et al., 2000b)

the deposition of gravelly, sandy, and probably silty fractions. Evidently, the firstly
mentioned processes prevailed and the latter sedimentation processes diminished
during the interglacial stages (Fig. 9.29), whereas glacial stages were marked by an
opposite trend. This conclusion is also supported by differences in the variation of
sedimentation rates over the last 80 ka on the Yermak Plateau (Levitan et al., 2002b)
and in the Norwegian-Greenland Basin regions (McManus et al., 1996) as well as
in the Central Arctic region (Nørgaard-Pedersen, 1997). In general, sedimentation
rates are higher during the glacial stages relative to the interglacial ones.

Influx of warm Atlantic waters into the Yermak Plateau area reconstructed by
carbonate content in bottom sediments, was most intensive during the following
stages or phases: middle MIS 6; lower, middle, and upper MIS 5; lower MIS 4;
MIS 3/MIS 2 transition; termination I; and the upper part of Holocene. The simul-
taneous increase in primary production is demonstrated by the development of
diagenetic sulfide lenses and bioturbation structures. Based on the study of cal-
careous nannoplanktons in bottom sediments from the Arctic Ocean, G. Gard and
J. Backman (1990) obtained similar results related to the advection of Atlantic
waters into the Central Arctic during the period from MIS 3 to MIS 1. Our data
regarding the history of the North Atlantic water influx into the Arctic Ocean also
well coincide with oxygen-isotope data on foraminifer tests in sediments from the
Central Arctic (Nørgaard-Pedersen, 1997). Based on an overview of comprehensive
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material from the Norwegian-Greenland Basin, D. Hebbeln and G. Wefer (1997)
demonstrated that the warmest Atlantic water were widely developed during the
MIS 5e period (Eemian Interglaciation).

As mentioned earlier, maximum IRD concentrations on the Yermak Plateau were
found in sediments of MIS 6, lower MIS 5, MIS 4 (maximum at H6), MIS 3 (max-
imum at H4), and second part of MIS 1. These events were controlled by the insta-
bility of continental ice sheets around the Arctic Ocean both during the progressive
advance to the ocean and during the breakup of ice sheets and domes followed by
Retreat of their margins. The correlation of instability of ice sheets with intense
production of icebergs during short-term cooling is corroborated by (Bond et al.,
1992). The presence of ice-free areas was essential for the formation of icebergs.
The large-scale thawing of icebergs was accompanied by changes in oxygen-isotope
composition of the surface waters, reflected in the oxygen-isotope composition of
planktonic foraminifer tests (Nørgaard-Pedersen, 1997; Poore et al., 1999).

The most probable sources of icebergs were located in Severnaya Zemlya,
including those related to the breakup of ice sheets during MIS 4 and MIS 6 stages
(Knies et al., 2000), and the North Kara Sea (Fig. 9.29). IRD enriched in fragments
of Upper Jurassic black shales from the Barents Sea could also be present in sedi-
ments of the second part of MIS 6 (150–170 ka), the black layer of MIS 2 base, and
sediments of the Late Holocene (Vogt, 1997).

The sandy material transported by sea ice might also be derived from northern
Eurasia. As today, at that time sea ice was mainly concentrated in the Laptev and
Kara seas. The paleogeographic environment was crucial for heavy-mineral assem-
blages and grain-size distribution of bottom sediments on the Yermak Plateau. Pale-
ogeography of glacial and stadial periods was governed by sea-level falls, expansion
of shelf and continental glacier areas, the expansion of glaciation on the Putoran
Plateau, and the low river discharge. At the same time, the relative share of sedimen-
tary material in the ice cover increased as a result of bottom sediments freezing in the
“anchored” ice. Interglacial periods promoted the rise of sea-level, maximum trans-
gression during MIS 5e (Arkhipov et al., 1986) and other transgressions, deglacia-
tion of the Putoran Plateau (Fig. 9.22), and increase in river discharge. They also
boosted the mechanism of sedimentary material incorporation into sea ice during
the formation of ice crystals in polynyas (Nürnberg et al., 1994).

Areas of free-ice surface occasionally appeared or expanded during interglacial
periods in the Central Arctic (Nørgaard-Pedersen et al., 1998; Poore et al., 1999).
The Polar Branch of the Transpolar Drift has been episodically shifting to the south
(Fig. 9.22). The Beaufort Gyre domain might have been expanded more rarely at
Termination IB (Nørgaard-Pedersen et al., 1998) and during mid-Holocene, and sig-
nificantly at the MIS 2/MIS 3 boundary (maximum expansion), upper MIS 5, and
Termination II. These expansions could provoke the invasion of deep waters from
the Canadian Basin to the Eurasian Basin. This is reflected, for example, in varia-
tions of deep-water ostracod assemblages between 8.5–7.0 and 5.0–4.0 ka (Cronin
et al., 1995). In contrast, the Beaufort Gyre has diminished during the glacial periods
(Bischof et al., 1996).
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However, in terms of major parameters, circulation systems of the Central Arctic
(Phillips and Grantz, 2001) and the Fram Strait area (Hebbeln and Wefer, 1997)
retained their structure during the last climatic cycle.

Organic-Geochemical Sediment Studies of the Eastern Part
of the Central Arctic

During ARCTIC 9́1 Expedition, an extensive sampling program was carried out
onboard R/V Polarstern, using piston, gravity, box, and multicorer coring gears
(Fütterer, 1992). Material was recovered from the eastern Arctic Ocean basins
and ridges/plateaus, i.e., the Nansen, Amundsen, and Makarov Basins, the Gakkel
and Lomonosov Ridges, and the Morris-Jesup-Rise and the Yermak Plateau (see
Fig. 9.15 and Table 9.12 for location of geological stations). Here, we present some
results of a detailed study on the amount and composition of organic carbon in
the uppermost 40 cm of the sedimentary sequences recovered by multicorer device
(Stein et al., 1994b; Schubert et al., 2001). In each multicorer sedimentary sec-
tion, samples were taken every 2 cm and analyzed for CaCO3, TOC (total organic
carbon), C/N ratios, and hydrogen indices as well as oxygen and carbon isotopes
in the tests of planktonic and benthic foraminifers. Radiocarbon (AMS 14C) age
were determined on selected samples to get an age control (Fig. 9.30) (Stein et al.,
2004b).

In general, TOC contents are higher in the basin cores (Cores PS2159, PS2161,
PS2170, PS2176: 0.3–1%) and lower in the cores from the oceanic ridges (Cores
PS2163, PS2165, PS2185: 0.2–0.6%) (Fig. 9.30), with one exception. In the
Makarov Basin Core PS2178, TOC values are significantly lower in comparison
to the other basin cores, ranging between 0.05 and 0.45%. Although differences in
absolute values, however, the TOC curves look similar in most of the cores. From
low values occurring in the lower part, TOC contents distinctly increase in the upper
interval. The uppermost increase partly coincides with the (biogenic) carbonate
increase and correlates with Termination Ib (Stein et al., 1994b). Based on low
hydrogen index values (Fig. 9.30) (Stein et al., 1994b, 2004b), as well as biomarker
data (Schubert, 1995; Schubert and Stein, 1996), the organic matter deposited in the
basins as well as on the ridges is mainly of terrigenous origin. In the lower part of
some of the records probably representing MIS 3, higher amounts of marine organic
matter may have been preserved as suggested from elevated hydrogen index values.
In general, C/N ratios vary between 4 and 15 (Fig. 9.30). When using C/N ratios
for sediments from the central Arctic Ocean sediments, however, the potential con-
tribution from inorganic nitrogen needs to be weighed (Stein and Macdonald, 2004
and further references therein). With significant amounts of inorganic nitrogen, the
“Corg/Norg” ratios will be higher than the C/N ratio and, accordingly, will support a
more mixed terrigenous/marine origin of the organic matter in general.

In the uppermost (Holocene) interval, also detectable amounts of marine organic
carbon are preserved as suggested from Rock Eval data (Stein et al., 1994b) and
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Table 9.12 Location of the studied stations [Stein et al., 1994a]

Station number Latitude, N Longitude Water depth, m

PS 2159 83º9,60’ 30º3,70’E 4055
PS 2161 85º4,50’ 44º4,22’E 4005
PS 2163 86º2,42’ 59º2,15’E 3040
PS 2165 86º4’,47’ 59º9,60’E 2011
PS 2170 87º5,90’ 60º7,66’E 4226
PS 2175 87º5,68’ 103º5,66’E 4378
PS 2177 88º0,36’ 134º9,26’E 1388
PS 2178 88º0,05’ 159º1,68’E 4009
PS 2179 87º7,46’ 138º0,29’E 1230
PS 2184 87º6,11’ 148º1,40’E 1640
PS 2185 87º5,29’ 144º1,66’E 1073
PS 2190 90º0,00’ 90º0,00’E 4240
PS 2192 88º2,60’ 9º8,57’E 4375
PS 2193 87º5,12’ 11º4,75’E 4399
PS 2196 85º9,62’ 0º1,65’E 3958
PS 2198 85º5,65’ 9º0,58’W 3820
PS 2200 85º3,28’ 14º0,22’W 1073
PS 2202 85º1,09’ 14º3,69’W 1081
PS 2204 85º0,58’ 13º0,35’W 3899
PS 2205 84º6,44’ 6º7,67’W 4283
PS 2206 84º2,78’ 2º5,05’W 2993
PS 2208 83º6,40’ 4º6,03’E 3681
PS 2209 83º2,25’ 8º5,73’E 4046
PS 2210 83º0,45’ 10º1,25’E 3949
PS 2212 82º0,24’ 15º6,72’E 2531

results of biomarker determinations (Schubert, 1995; Schubert and Stein, 1996).
The contemporaneous increases in biogenic carbonate and organic carbon during the
Holocene are interpreted as increased surface-water productivity and reduced sea-
ice cover at that time (Stein et al., 1994b). This interpretation is supported by car-
bon and nitrogen isotope values also increasing steadily to modern values (Schubert
et al., 2001; Stein and Macdonald, 2004). In general, the increase in δ15N values
during the late Holocene shows the higher nutrient utilization in surface waters due
to more open ocean water conditions enabling the phytoplankton to receive enough
light for reproduction.

TOC records representing older time intervals (MIS 4 and older) are still
very rare for the central Arctic Ocean and adjacent continental slope (Stein and
Macdonald, 2004 and references therein). On the Alpha and Lomonosov ridges
(cores PS2185 and PS051/38; see Fig. 9.15 for location), the TOC contents vary
between 0.05 and 0.3% whereas in the Amundsen Basin Core PS2174 (see Fig. 9.15
for location) TOC contents are significantly higher ranging between 0.4 and 1.5%
(Fig. 9.31) (Schubert, 1995; Stein et al., 2004b). In the latter core, maximum TOC
contents coincide with low hydrogen index values of < 100 mgHC/gOC and high
C/N ratios of 10 to > 20 (Fig. 9.31), indicating high input of terrigenous organic
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Fig. 9.30 TOC, hydrogen index (HI) values, and C/N ratios in organic matter of Arctic Ocean
sediments representing the last about 30 ka (Stein et al., 2004b). Arrows show 14C dates; light gray
color matches MIS 1
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Fig. 9.31 TOC, hydrogen index (HI) values, and C/N ratios in organic matter of the Amundsen
Basin core PS2174-5 possibly representing the last 7–8 MIS (Stein et al., 2004b)

matter. The clear dominance of long-chain n-alkanes over the short-chain n-alkanes
also supports a terrigenous origin of the organic matter (Schubert and Stein, 1996).
Intervals with low OC contents most typical for the interglacials MIS 5 and MIS
7 show higher hydrogen index values and lower C/N ratios (Fig. 9.31), probably
due to higher surface-water production. Higher surface-water production for these
intervals is also suggested from higher concentrations of short-chain n-alkanes and
biogenic opal (Schubert and Stein, 1996).



Chapter 10
The Western Arctic Seas

Recent Sedimentation Environment

The Barents Sea

The Barents and Kara seas are traditionally referred to as the western arctic seas. The
Barents Sea is limited by the Norwegian Sea in the west, by Spitsbergen and Franz-
Joseph Land archipelagoes and by the Nansen Basin in the north, by the Novaya
Zemlya Archipelago in the east, and by the northern coast of Europe in the south.
Two transverse troughs pass from the shelf to the continental slope: the Bear Island
Trough between Norway and Spitsbergen in the west and the Franz Victoria Trough
between Spitsbergen and Franz-Joseph Land in the north. The Kara Sea and the
Barents Sea are connected through the Kara Gates Strait in the southeast and through
the extensive transverse St. Anna Trough in the northeast. The southeastern part of
the Barents Sea, located between the southern island of Novaya Zemlya, the Kara
Gates, the coast of the Bolshezemelskaya Tundra and the Kolguyev Island is called
the Pechora Sea.

The Barents Sea has a size of 1512 thousand km2, a volume is 302 thousand
km3, and an average water depth of 200 m (Jakobsson et al., 2004). Freshwater
discharge by rivers (together with the White Sea) is equal to 463 km3/yr, and the
riverine suspended matter supply reaches 17.9 million t/yr (Gordeev and Rachold,
2004). 119 million t/yr of solid sedimentary material is supplied into both seas by
coastal abrasion processes (Grigorjev et al., 2004). The delivery of sea ice from the
Barents Sea to the Arctic Ocean composes 35 km3/yr (Eicken, 2004). This value
should be added to the delivery by icebergs from the Northern Island of Novaya
Zemlya, Franz-Joseph Land, Spitsbergen and North Norway. Large part of the ter-
rigenous material, however, is already accumulating in the natural sedimentation
traps of fjords. In addition, 0.904 t/yr of solid sedimentary matter is delivered to the
Barents Sea due to the eolian supply (Shevchenko and Lisitsin, 2004). Finally, one
should not exclude the edafogenic mechanism of the sedimentary delivery, to which
a special attention was given by V.I. Gurevich (1995).

M.A. Levitan, Y.A. Lavrushin, Sedimentation History in the Arctic Ocean and Subarctic
Seas for the Last 130 kyr, Lecture Notes in Earth Sciences 118,
DOI 10.1007/978-3-642-00288-5 10, C© Springer-Verlag Berlin Heidelberg 2009
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In general, the central part of the Barents Sea could be considered as “starving”
from the point of view of modern sediment accumulation because a substantial part
of the Barents Sea seafloor does not contain a Holocene sedimentary cover, but older
Quaternary formations or bedrock are exposed at the surface. This phenomenon is
especially characteristic for the relatively shallow arch rises. Intensive accumulation
of recent sediments is restricted to the fjords, Pechora Bay and the central part of
the Pechora Sea.

The bottom of the Barents Sea is characterized by distinct roughness of the relief:
there are a number of isometric and, less often, elongated underwater rises (Persey,
Central, Admiralty Swell, Murmansk Swell, Goose Shoal), dividing troughs and
depressions (Southern and Northern Barents depressions, Persey Trough, Aldanov
Trough, Bear Trough, Franz Victoria Trough, West and Southern Novozemelsky
Troughs). Relative elevation in this case means several hundred meters. In general,
the Pechora Sea is characterized by shallow depth (a few tens of meters), flatness,
slight slope to the north and the presence of a number of bars along the shore.

Heat advection and saline Atlantic-water inflow play a most important role for
the climate of the Barents Sea (Matishov et al., 1994). The Atlantic waters known
as Norwegian Current move along Scandinavia, and continue as Cape Current and
further on as Murmansk Current to the east. They almost reach the Novaya Zemlya
Archipelago, but sharply turn to the north and actually dissipate in the north of
the Barents Sea. Another branch of Atlantic waters is split off at traverse of Nord-
cape Cape and moves to the northeast, forming a jet stream, isolated by the Arctic
Front from the fresher and colder Barents Sea waters to the south. In this case,
Atlantic waters are partially transformed into the Barents Sea waters. Furthermore,
the Atlantic waters of the West Spitsbergen Current in the area of the Fram Strait are
included in the composition of intermediate water mass and follow to the east along
the continental slope of North Eurasia, recirculating in the Franz Victoria Trough
and St. Anna Trough. The described system of Atlantic-water penetration into the
Barents Sea ensures not only the most favorable ice conditions among all Arctic seas
(including the year-round ice-free water area of the Kola Bay), but also increased
primary production (about of 90 gC/m2/yr) (Sakshaug, 2004).

The Kara Sea

The Kara Sea (which, in particular, includes the St. Anna Trough) is limited by
the archipelago of Novaya Zemlya in the west, by the Nansen Basin in the north, by
the archipelago of Severnaya Zemlya in the east, and by the coast of West Siberia in
the south. The St. Anna Trough is located between the Northern Island of Novaya
Zemlya, the archipelago of Franz-Joseph Land and the North Kara Rise. One addi-
tional transverse trough of the Kara Sea (Voronin Trough) is located between the
North Kara Rise and the archipelago of Severnaya Zemlya.

The area of the Kara Sea is equal to 926 thousand km2, its volume is 121 thousand
km3, and the average water depth is 131 m (Jakobsson et al., 2004). Annual river
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discharge is equal to 1480 km3, and the riverine suspended-matter supply is 30.9
million t/yr (Gordeev and Rachold, 2004). 109 million t/yr of sedimentary material
enter the Kara Sea due to the coastal abrasion (Grigorjev et al., 2004). In all Arc-
tic shelf seas the value of annual underground discharge composes approximately
one tenth part of the riverine freshwater discharge (Gordeev and Rachold, 2004).
240 km3/yr of sea ice is carried out from the Kara Sea (Eicken, 2004). Delivery
of terrigenous material by icebergs from Severnaya Zemlya plays a leading role in
the northern part of the sea. Eolian input is estimated to be about 0.553 million t/yr
(Shevchenko and Lisitzin, 2004).

The Kara Sea consists of two very different parts. The western part is character-
ized by rough relief (for example, the sufficiently deep East Novozemelsky Trough
and relatively shallow Central Kara Rise), and the basic source of sedimentary mate-
rial is thermo-abrasion of the southern coast. The eastern part is the shallow (a few
tens of meters) Ob-Yenisei Shoal that is weakly inclined northward and is split by
the numerous channels of valleys of the Pre-Ob and Pre-Yenisei. Here, sedimentary
material is mainly delivered by the great Siberian rivers Ob and Yenisei. Accord-
ingly, the average salinity of surface water in this part of the sea is considerably
lower than in the west. In the western part, an anticyclonic circulation prevails,
whereas the eastern part is subjected to a general northeastern transfer of waters.
The Atlantic waters of the St. Anna Trough are not delivered to the south of the
Kara Sea. Hence, there are more severe ice conditions and lower primary produc-
tion of about 40 gC/m2/yr (Sakshaug, 2004).

Surface Sediments of the Pechora Sea

This paragraph is mainly based on data by (Khasankaev, 1978; Gurevich, 1995;
Tarasov, 1996; Levitan et al., 2003b). Figure 10.1 shows the distribution of litho-
types of surface sediments in the Pechora Sea (Tarasov, 1996). Practically all
sediments are noncarbonate and do not contain a biogenic opal. Boulder-pebble
material in large quantities is encountered only in the Czesh Inlet (Khasankaev,
1978). According to our observations, its concentration usually sharply decreases
at a distance of the first kilometers from the eroded coast. Sand and silty sand are
widely developed, mainly, in the central part of the sea.

Middle- and fine-grained sand prevails among the sandy fractions, and fine silt
dominates among the silty fraction. Closer to the periphery of the basin these sed-
iments are changed to sandy silt and mictites of sandy-silty-pelite composition
(Gurevich, 1995). Fine clayey silt or silty- clayey muds are rarely encountered.
They are related either to noticeable depression in the relief (to the northeast of
the Kolguyev Island, in the Southern Novozemelsky Trough, etc.), or to outcrops
of older Holocene sediments (Levitan et al., 2000). Results of our sediment studies,
obtained in 1998 during the 13th cruise of RV Academik Sergey Vavilov and cruise
G-230 (Figs. 10.2 and 10.20; Tables 10.1 and 10.2), confirm the described scheme
of the lithotype distribution.
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Fig. 10.1 Scheme of the Pechora Sea lithodynamics (Tarasov, 1996). 1 – sandy-gravely-pebbly
sediment; 2 – sand; 3 – silty sand; 4 – sandy silt; 5 – clayey silt; 6 – silty clay; 7 – sandy-silty-
clayey sediment; 8 – areas of bottom erosion of Pleistocene deposits; 9 – areas of bottom erosion
of Paleozoic rock; 10 – transportation directions of sand and silt; 11 – lithological boundaries

Fig. 10.2 Lithology of surface sediments of Varandey Site (Levitan et al., 2003b). 1 – clayey-silty
sand; 2 – small-fine sand; 3 – fine-small sand; 4 – small-grained sand
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Table 10.1 Content of grain-size fractions (wt. %) in the surface layer sediments of the Pechora
Sea [Levitan et al., 2003b]

Station
ASV

2–1
mm

1–0.5
mm

0.5–
0.25
mm

0.25–
0.1
mm

0.1–
0.05
mm

0.05–
0.01
mm

0.01–
0.005
mm

0.005–
0.001
mm

<0.001
mm Lithotype

1088 1.43 1.30 7.05 45.63 28.70 4.70 1.95 3.94 5.90 Fine-medium sand
1092 1.33 0.48 4.74 86.78 6.57 0.10 – – – Medium sand
1093 0.28 0.33 7.69 73.05 8.51 0.10 2.11 3.55 4.28 Medium sand
1094 – 0.31 0.75 19.27 62.22 1.56 3.70 3.76 8.43 Medium-fine sand
1095 – – 0.56 24.78 54.90 0.51 5.67 5.98 7.60 Medium-fine sand
1096 0.05 0.21 1.03 45.71 39.30 0.46 2.74 3.86 6.64 Fine-medium sand
1097 0.31 0.37 1.82 27.80 40.92 1.12 7.53 8.83 11.30 Clayey-silty sand
1098 0.57 0.62 7.27 45.81 35.29 0.28 2.54 3.45 4.17 Fine-medium sand
1099 0.58 0.48 4.02 57.50 25.67 0.58 2.03 3.61 5.53 Fine-medium sand
1100 0.40 0.05 – 40.80 48.85 0.80 2.54 3.66 2.90 Medium-fine sand
1101 0.11 – 0.61 34.76 54.51 0.71 2.13 3.06 4.11 Medium-fine sand
1102 0.21 0.27 2.98 27.71 41.97 2.24 5.05 7.15 12.42 Clayey-silty sand
1103 – 0.33 0.95 37.32 45.90 1.11 3.17 5.04 6.18 Medium-fine sand
1104 – 0.10 0.53 72.22 15.96 0.69 2.19 3.35 4.96 Medium sand
1105 – 0.22 0.66 17.09 56.63 3.15 5.07 7.14 10.04 Clayey-silty sand
1106 – 0.17 – 26.23 52.45 0.11 6.40 8.14 6.50 Medium-fine sand
1112 – 0.25 7.53 79.31 7.27 0.06 1.56 1.75 2.27 Medium sand
1117 – – 0.78 90.85 3.20 0.20 1.31 1.96 1.70 Medium sand
1118 – – 1.64 88.93 4.27 0.18 1.46 1.76 1.76 Medium sand
1119 – 1.02 4.42 77.32 9.07 0.54 1.19 2.98 3.46 Medium sand
1123 – 0.52 0.97 87.26 5.07 0.07 0.82 1.34 3.95 Medium sand
1124 – – 2.28 85.78 4.14 0.14 1.45 2.20 4.01 Medium sand
1125 – – 1.14 88.29 6.60 1.84 0.71 0.64 0.78 Medium sand
1126 – – – 40.94 39.61 5.07 2.15 4.00 8.23 Fine-medium sand
1127 – – 1.09 42.29 38.67 1.98 2.47 5.14 8.36 Fine-medium sand
1128 – – 0.53 77.39 8.20 0.71 1.41 4.29 7.47 Medium sand
1129 – 0.68 2.59 87.23 3.15 0.12 1.54 1.85 2.84 Medium sand
1130 – – 3.13 86.94 2.78 0.12 1.92 1.74 3.37 Medium sand
1137 – – 3.99 63.96 8.41 2.99 2.35 7.38 10.92 Medium sand
1150 – 1.08 3.96 81.86 5.40 0.11 1.62 2.17 3.82 Medium sand
1151 – 1.14 1.02 74.87 14.66 0.06 1.71 1.97 4.57 Fine-medium sand

Note: Blank means lack of fraction.

Thus, if we exclude from examination the older sediments, it turns out that the
finer-grained recent sediments are being developed on the periphery of the Pechora
Sea, and this is partially caused by bathymetric control. The coarser-grained sedi-
ments are concentrated in the middle part of the basin. If we compare a similar dis-
tribution of lithotype with the distribution of bottom current rate values (Gurevich,
1995), one could make a paradoxical conclusion about the reverse correlation of
the sediment coarseness and rate of bottom currents. This dependence might be
explained by a larger value of mass accumulation rate/rate of bottom current ratio
in the peripheral parts of the basin than in its central part.

In more detail the distribution of lithotype was studied at the site Prirazlom-
noe (see data at stations 1115–1127) and the Varandey site (see data at sta-
tions 1095–1112 and station G-230) (Table 10.1) (Levitan et al., 2003b). It was
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Table 10.2 Calculated grain-size parameters [Levitan et al., 2003b]

Station
number ASV

Sorting
coefficient, So Md, mm

Mode (Mo),
mm

Asymmetry
coefficient, Sk Excess, Ek

1088 1.70 0.11 0.15 0.89 0.25
1092 1.30 0.15 0.13 1.17 0.30
1093 1.38 0.15 0.13 1.03 0.21
1094 1.37 0.07 0.06 1.08 0.13
1095 1.68 0.09 0.10 0.98 0.25
1096 1.73 0.09 0.07 0.93 0.24
1097 3.32 0.08 0.08 0.17 0.26
1098 1.60 0.10 0.09 1.26 0.23
1099 1.65 0.13 0.18 0.79 0.26
1100 1.53 0.09 0.08 1.20 0.22
1101 1.42 0.08 0.08 1.21 0.32
1102 3.23 0.08 0.06 0.27 0.31
1103 1.53 0.08 0.07 1.31 0.21
1104 1.42 0.14 0.15 0.79 0.22
1105 4.20 0.07 0.06 9.00 2.84
1106 1.40 0.08 0.07 0.96 0.15
1112 1.26 0.16 0.18 0.94 0.22
1117 1.28 0.17 0.15 0.89 0.35
1118 1.18 0.18 0.18 0.75 0.24
1119 1.30 0.18 0.21 0.84 0.27
1123 1.17 0.16 0.15 0.99 0.22
1124 1.30 0.18 0.16 0.84 0.30
1125 1.24 0.16 0.13 1.40 0.29
1126 1.60 0.09 0.06 1.10 0.22
1127 1.50 0.09 0.06 1.00 0.18
1128 1.30 0.14 0.13 0.98 0.18
1130 1.20 0.15 0.14 1.12 0.24
1137 1.76 0.15 0.15 0.55 0.27
1150 1.20 0.15 0.13 1.08 0.22
1151 1.40 0.15 0.16 0.91 0.25

demonstrated at the Varandey site that the coarsest-grained sands are accumulated
in the contemporary bars or at the apexes of structural rises. Large part of sea floor is
covered with finer (clayey-silty) sands. The finest sediments are revealed in the relief
depressions, where they are connected either with the outcrops of Middle Holocene
black clays (station 1105), or with the recent accumulation of fine-grained material
(station 1102).

Useful sedimentological information can be obtained from Table 10.2. First of
all, there is a close direct correlation (r2=0.81) between the median diameter and
the mode. The absence of any correlation between the median diameter and the
coefficient of sorting (So) is interesting. The finest sediments are characterized by
the worst sorting; however, the interval of So values from 1.1 to almost 1.8 is char-
acteristic for all types of sediments (with mean diameters from 0.06 to 0.18 mm).
At the same time a study of distribution of sorting for the sediments at the Varandey
Site (Levitan et al., 2003b) showed that So values of 3.0 are related to the fine
sediments, and So values less than 1.4 correspond to the coarse-grained sediments.
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In the sands at the site Prirazlomnoe the coefficient of sorting is often less (1.17–
1.18; Table 10.2). Thus, the best sorting is observed among sands, than in finer-
grained sediments. This makes it possible to assume a delivery of minor amount
of silt and clay from the sediments by bottom currents and redeposition of these
fractions in the zones of recent accumulation of fine sediments.

At the same time, different genesis and age of fine mud development in the sur-
face sediments leads to the conclusion that only contemporary fields can serve as
accumulation zones of fine silt and clay. As known, absorption processes of natural
and technogenic contaminants are most frequently related to fine sediments. Thus,
the areas of fine sediment distribution and absorption zone of pollutants might cor-
respond to each other in the case of recent silty-clayey mud, but do not coincide in
the case of outcrops of older clay sediments). This conclusion is of definite interest
for geo-ecology of the Pechora Sea. The other important conclusion is that finer
fractions of the suspended matter will be carried away from the Prirazlomnoe oil
field area beyond its limits, since in recent time there have been accumulated only
well sorted fine-grained sands in this area.

Mineral composition of recent sediments (especially heavy minerals) is one of
the most important proxies for determination of source provinces and transport
pathways of sedimentary material. The content of the light subfraction of the 0.1–
0.005 mm fraction in the studied sediments of the Pechora Sea varies from 80 to
almost 100% (Levitan et al., 2003b). Most important components are quartz (49.5–
60.6%) and potassium feldspar with n<1.54 (12.0–21.9%), followed by acid pla-
gioclases (usually less than 3–4%). Basic plagioclases, microcline and grains of
carbonates only occur in very rare amounts. Over the area of the Pechora Sea the
composition of the light subfraction is remarkably uniform.

In general, there is no significant correlation between the total content of the
heavy subfraction and the content of concrete grain-size fractions. A close positive
correlation, however, exists between the total content of the heavy subfraction up to
5% and the content of the 0.25–0.1 mm fraction up to 58%. There is no relationship
between an increase in the abundance of this fraction (especially to 80% and above)
and the total content of the heavy subfraction. Thus, grain-size and gravitational
differentiations coexist only to a definite limit (increase of fine sand abundance to
58%).

The abundance of indeterminable grains in the heavy subfraction varies from
2.8 to 16.5%. Among the numerous heavy minerals determined in the surface sedi-
ments of the Pechora Sea, representatives of the four basic groups prevail: black ore
minerals, garnet, hornblende and epidote. Besides the enumerated minerals zircon
plays a notable role, whereas monocline pyroxene, siderite, apatite, and sphene only
occur in rare amounts.

The increased concentrations of black ore minerals (>25%; Table 10.3) are
related to the peripheral parts of the basin, increasing towards to the source
provinces. This phenomenon can be explained by gravitational differentiation and
high hydraulic coarseness of the studied minerals. The sediments of the western
part of the sea are enriched by garnet, which is related to the delivery of material
from the granite-metamorphic complexes of the Baltic Shield (Tarasov, 1996) and
a general transfer of waters of the Pechora Sea to the east. The zone of increased
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Table 10.3 Content of main heavy minerals (rel. %) in the surface sediment layer of the Pechora
Sea [Levitan et al., 2003b]

Station
number ASV

Output of heavy
subfraction, wt.%

Black ore
minerals Garnet Hornblende Epidote Zircon

1088 2.32 29.5 21.0 14.2 17.5 15.2
1092 16.26 23.6 16.8 8.6 20.9 8.0
1093 6.77 26.3 16.2 4.2 20.8 5.3
1094 1.04 25.8 11.8 8.3 32.6 2.5
1095 0.62 20.8 11.8 20.0 34.3 2.5
1096 3.82 24.3 12.4 6.1 33.4 10.0
1097 2.45 27.7 14.6 7.3 31.0 8.2
1098 1.08 19.2 17.4 5.2 24.2 6.5
1099 2.11 35.8 19.1 2.9 16.7 17.8
1100 3.02 30.1 20.5 3.3 14.5 11.2
1101 2.65 28.0 16.1 6.9 15.3 12.0
1102 1.82 21.1 9.9 10.5 25.5 7.1
1103 1.70 20.7 16.2 9.3 26.1 8.3
1104 7.00 24.9 16.5 3.9 20.6 11.6
1105 0.30 19.0 19.0 9.5 31.7 7.8
1106 2.06 21.1 12.5 11.9 21.1 7.8
1112 4.55 19.2 23.1 4.9 23.6 5.8
1117 5.88 20.4 20.8 6.3 25.0 3.6
1118 15.29 11.0 15.9 16.2 31.2 1.7
1119 22.28 28.6 15.6 4.4 19.6 11.9
1123 16.45 15.4 16.4 12.1 27.2 3.9
1124 13.85 14.9 17.5 8.9 26.7 5.3
1125 11.76 19.1 14.5 14.2 23.1 4.3
1126 3.48 19.3 13.6 10.1 25.5 5.3
1127 3.30 17.4 15.4 14.0 25.2 6.4
1128 9.27 18.6 15.8 11.6 24.7 4.6
1129 19.05 18.2 22.5 9.3 20.2 4.9
1130 20.33 28.4 19.9 4.7 14.5 7.1
1137 26.71 27.4 21.1 5.6 13.5 6.3
1150 14.04 30.5 20.3 7.3 16.8 7.0
1151 8.84 22.8 20.8 4.2 14.7 7.6
1157 1.75 15.0 19.5 5.0 13.0 0.5
DM 4376 2.02 15.2 11.1 11.3 25.2 0.7

Note: In the sediments of sediment core ASV 1151 – 12.6% of siderite, sediments of sediment
core ASV 1157 contain 17.0% of monocline pyroxenes.

content of amphiboles (hornblende) is related to the central part of the basin, proba-
bly, in connection with the increased buoyancy of hornblende grains and their capa-
bility for distant transport.

The increased concentrations of epidote (>20%) clearly increase towards the
eastern part of the sea. This distribution confirms significant contribution of sedi-
mentary material from the greenstone-changed sedimentary Paleozoic complexes,
developed at the Polar Urals, Pai-Khoy, Vaygach and Novaya Zemlya (Tarasov,
1996). Zircon is enriched in an even narrower strip of sediments in the eastern
periphery of the basin, increasing towards the Vaygach Island and sands of the
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Table 10.4 Location of geological stations of RV Polarstern in the eastern Kara Sea

Station Northern Latitude Eastern Longitude Water depth, m

PS 2718 77◦31′05′ ′ 97◦04′04′ ′ 153
PS 2719 77◦36′00′ ′ 97◦32′00′ ′ 135
PS 2792 79◦33′05′ ′ 87◦33′01′ ′ 245

central part of the Varandey site. The increased content of clinopyroxenes of pale-
otypic kind in the sediments south of Novaya Zemlya, most likely, is caused by
erosion processes of Lower Paleozoic basaltoids developed at the Southern Novaya
Zemlya Island (Tarasov, 1996). The enrichment of siderite in sediments of the
coastal zone of Kolguyev Island, is related to erosion of Upper Pleistocene moraines
(Tarasov, 1996).

Based on the combination of distribution patterns of the basic heavy mineral
groups mentioned above, specific terrigenous-mineralogical provinces can be dis-
tinguished in the surface sediments of the Pechora Sea (Fig. 10.3) as follows (in

Fig. 10.3 Terrigenous-mineralogical provinces of the Pechora Sea sediments (Levitan et al.,
2003b). 1 – Vaigach; 2 – South Novaya Zemlya; 3 – East Pechora; 4 – Central Pechora; 5 – West
Pechora
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the names of associations content of heavy minerals increases from left to right):
Vaygach (zircon-garnet-epidote-ore association); Southern Novozemelsky (epidote-
ore-clinopyroxene-garnet association); Western-Pechora (epidote-garnet-ore asso-
ciation); Central-Pechora (ore-garnet-epidote association); and Eastern-Pechora
(hornblende-garnet-ore-epidote association). Within the limits of the detailed ranges
it is possible to isolate additional associations.

In general, the dominance of an acid/intermediate plagioclases-potasssium
feldspar-quartz association in the light subfraction and a hornblende-garnet-black
ore association (to a lesser degree also – zircon, apatite and sphene) in the
heavy fraction indicate substantially a granitoid composition of source provinces
of the Pechora Sea sediments. A second-order province area is represented by
the altered greenstone Hercynide formations of Pai-Khoy, Vaygach, and Novaya
Zemlya (Tarasov, 1996).

Clay minerals in the surface sediments of the Pechora Sea are represented by a
monotonous association of kaolinite, magnesium-ferrous chlorite and illite (Levitan
et al., 2003b). Smectite was only found in a minor quantity, and mixed-layered clay
minerals are absent.

Surface Sediments of St. Anna Trough

Transverse troughs of the Barents and Kara Sea (Bear Island Trough, Franz Vic-
toria Trough, St. Anna Trough, and Voronin Trough) serve as basic transit ways for
sedimentary material and cold bottom brines from the shelf area into the surround-
ing deep water basins (Levitan et al., 1999). In this paragraph we discuss the mineral
composition of the surface sediments of the St. Anna Trough and the influence of
sediment supply from the avalanche accumulation zones located in the estuaries of
the Ob and Yenisei rivers, on the recent sedimentary environment in the St. Anna
Trough.

Looking at the bathymetric map compiled by G.A. Tarasov (Fig. 10.5) (Levitan
et al., 1999) and following the 400 m isobath, the St. Anna Trough is stretched to
the north from 77◦ to 82◦ N, and its central part is located between 66◦ and 73◦ E.
In the upper part the trough is connected to several troughs of higher order from
the southwest and southeast. In general, the slopes of the trough are parallel and
sufficiently steep (on average, the eastern slope is somewhat steeper). The bottom is
wide, flat, and a bit uneven at the northern end, and inclination to the north is well
expressed. Maximum water depths so far observed in northern part of the trough,
exceed 550 m.

Materials and Methods

The studied surface sediments (0–2 cm) were recovered during the MMBI expe-
ditions with RV Dalnye Zelentsy (1992) and RV Academik Golitsyn (1994), and
St. Petersburg Polar Sea Expedition, with RV Professor Logachev (1994). Locations
of the geological stations are shown at Fig. 10.4.
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Fig. 10.4 Light-mineral assemblages in surface sediments from the St. Anna Trough (Kukina
et al., 1999). 1 – quartz, feldspars, rock fragments; 2 – quartz and feldspars; 3 – feldspars, rock
fragments, quartz; 4 – isobaths, m; 5 – geological stations
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Recent Sedimentation Environment

The adjacent archipelagoes of Franz-Joseph Land, Novaya Zemlya and North
Kara Rise are certainly dominant source areas for the supply of terrigenous sedi-
mentary material into the St. Anna Trough. The Lower Cretaceous trapp formation
prevail in the composition of the central and western regions of Franz-Joseph Land,
overlain by a cover of Cenozoic and Quaternary sediments, whereas in the east-
ern part mainly Triassic and, partly, Jurassic terrigenous complexes are exposed.
The northern end of Novaya Zemlya is mainly composed of Upper Proterozoic to
Lower Paleozoic terrigenous formations, which went through weak metamorphism
of greenstone phase. Islands of Vize and Ushakov, situated on top of the North Kara
Rise, consist of a Lower Cretaceous terrigenous clastic formation (Geology of Qua-
ternary deposits of the north-western European part of the USSR, 1967; Geological
structure of the USSR and regularities of mineral deposits distribution, 1984).

Based on bathymetric, seismoacoustic and geological data, the corresponding
outcrops of bedrock are frequently found on the sea foor around the islands men-
tioned above (Matishov et al., 1994). It is very probable that the more remote sources
of material (such as, for example, the Ob River) play a less important role in the
delivery of sandy-silt fractions; however, these source may become much more
important for the delivery of clay fractions, especially clay minerals.

An important factor that mainly determines the sedimentary environment of the
St. Anna Trough region is the ice regime. The studied region is seasonally covered
with pack ice; only two months a year the area is free of ice (Levitan et al., 1999).
There were some years (for example, 1980, 1982, 1983, 1986), when the trough was
covered with all year-round ice (Levitan et al., 1999 and references therein). The role
of iceberg supply is sufficient in the west-south-western part of the studied area due
to the delivery of material from Franz-Joseph Land (average annual iceberg supply is
2.26 km3) and from the Northern Island of Novaya Zemlya (2.0 km3) (Levitan et al.,
1999 and references therein). The sedimentary environment is not just influenced by
the modern ice regime, but also by the older regimes. Geo-chronometrically dated
moraine formed during the Last Glaciation on the western slope of the St. Anna
Trough (Polyak and Mikhailov, 1996), are exposed at the sea floor and can be con-
sidered as an additional source of sedimentary material.

Based on data obtained in April 1984 (Levitan et al., 1999 and references
therein), stratification of water column in the trough appears as follows: surface
water mass is presented by Arctic waters with low temperature and salinity (temper-
ature of –1.75 to –1.90◦C and salinity of <34.25‰); warmer (to +2.8◦C) and saline
(up to 34.90‰) Atlantic waters at a depth of 150–500 m; bottom waters, which are
colder (to –0.6◦C) and less saline (to 34.60‰). In the southern part of the trough
this stratification is expressed less distinctly, and the transformed Atlantic waters are
located at shallower depth.

In general, the stratification of water column and the circulation system display
a clear seasonality and strongly depend on pressure field in the atmosphere (Levitan
et al., 1999 and references therein). When anticyclone rotation in the atmosphere of
the Arctic Basin is developed very weakly, waters of the Transpolar Drift, directed
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to the Fram Strait, occupy utmost northern position, and the northward St. Anna
Current in the surface water occupies the water area of the St. Anna Trough. In
this case the inflow of warm Atlantic waters is strengthened along the trough to the
south. During periods of intensive development of anticyclone circulation, the area
of the St. Anna Trough is occupied with the Arctic waters, the St. Anna Current is
connected with them between Novaya Zemlya and Franz-Joseph Land, and Atlantic
waters are only observed in the deepest part of the trough. The partially transformed
Atlantic waters enter the St. Anna Trough from the southwest as well as from the
Barents Sea in the intermediate layer.

During winter, shelf Arctic waters are formed to a considerable degree around
polynyas in the shoal due to cooling and intensive convective mixing (Levitan et al.,
1999 and references therein). They have a high salinity (about 35.0‰) and a low
temperature (–1.9◦C and below), resulting in a high density. Thus, water masses sink
down and reach the basic inflows of the St. Anna Trough deep water regions. These
waters probably serve as one of the main transportation mechanisms of sedimentary
material from the shelf to the pelagic regions.

Furthermore, coastal erosion, under-ice currents, waves and surface flow, bottom
tidal currents, slope processes, eolian supply, and vital activity of plankton should
be mentioned as additional factors influencing the sedimentary material transport to
the St. Anna Trough. To estimate quantitatively the role of these different processes
is more or less impossible yet.

Results

The bed of trough is covered by terrigenous clayey and silty-clayey mud of brown
color with insignificant admixture of sandy particles. Along the slopes the fine sed-
iments are altered by coarser-grained variations, fine-grained silts dominate, and at
some areas there are coarser silts, which contain substantially more sandy particles.
The lithological composition of surface sediments on the “shoulders” of the trough
differs in terms of considerably larger complexity and, first of all, is governed by
hydrodynamics of sedimentation environment.

According to the results of grain-size analysis, there is a clear transverse zonality
of the composition of recent sediments of the St. Anna Trough. On the slopes the
content of gravel can reach 5%, the concentration of sandy particles varies from 10
to 40%, silt fraction composes 25–45% of the sediment, and clay fraction content
varies from 20 to 40%. In the sediments of trough, the gravel, as a rule, is absent;
the content of sand is usually lower than 10%, silt is about 20–30%, and clay is
50–70%.

Quartz, potassium feldspar, plagioclases, rock fragments prevail in the light sub-
fraction of the fine sand. At the northern stations, numerous grains of biogenic car-
bonate occur. Sporadically spindle-shaped aggregates of clay minerals were found
(see discussion below). The grains of quartz are characterized by the best roundness
in the sediments from the central part of the trough compared to its slopes.

Based on mineral composition data of the fine sand fraction and quartz/feldspar
(Q/FS) ratios in each sample, three main mineral associations were identified
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(Fig. 10.4) (Levitan et al., 1999). The first is composed (in the ascending order)
of feldspar, quartz and biogenic carbonates and an average Q/FS ratio of 1.6. This
association occupies the central and deepest (>500 m water depth) part of the north-
ern area of the trough. The second association is dominated by quartz and feldspar;
the Q/FS ratio is less or equal 1.0. This association is clearly related to the eastern
slope of the trough. Finally, the third association is mainly composed quartz and
rock fragments in variable proportions, and there is almost no feldspar. The Q/FS
ratio is equal or exceeds 5.0, moreover this ratio decreases from west to east. The
examined association occupies not only the western slope, but also almost the entire
area of the central part of the trough, with exception of its northern end.

Among the heavy minerals of the 63–125 mkm fraction, epidote, monocline
pyroxene, black ore minerals (in essence, ilmenite), hornblende and garnet predom-
inate. The iron hydro-oxides are sporadically developed. It is possible to isolate six
mineral associations (Fig. 10.5). The distribution area of the first association (ore-
epidote-clinopyroxene) occupies the middle part of the center of the trough and is
elongated in the submeridional direction (Levitan et al., 1999). The ratios of the
group of epidote (Ep) to the group of monocline pyroxene (ClPx) vary from 0.51
to 0.86. The distribution area of the second association, epidote-clinopyroxene-ore,
borders the zone of the first association along its periphery; Ep/ClPx ratios vary
between 0.51 and 0.89.

The distribution area of the third association (epidote-ore-clinopyroxene) is
related to the western border and the “shoulder” of the trough, which adjoins
Franz-Joseph Land. The Ep/ClPx ratio is about 0.5. The distribution area of the
fourth association (ore-amphibole-epidote-clinopyroxene) is merged with the zone
of the third association from the south; its continuation to the east is not clear due
to the lack of data. The Ep/ClPx ratio is 0.73. The zone of the fifth association
(clinopyroxene-epidote-ore) borders the northern end of the northern island of the
Novaya Zemlya archipelago. The Ep/ClPx ratio is 1.18. Finally, the distribution area
of the sixth association, garnet-epidote-clinopyroxene-ore, at some areas with a sig-
nificant amount of iron oxides and iron hydroxides, is mainly located on the North-
Kara Rise. The Ep/ClPx ratio varies between 0.61 in the north and 1.06 in the south.

In Fig. 10.6 a schematic distribution map of the clay mineral associations in
surface sediments is shown from the St. Anna Trough area (Andrew and Kravitz,
1974; Wahsner et al., 1996; Levitan et al., 1999). It is evident from this map that
there are six basic associations, composed of four main mineral groups: smec-
tite, illite, kaolinite and chlorite. (1) A chlorite-illite association is observed as two
spots on the western slope of the North-Kara Rise. (2) A smectite-chlorite-illite
association adjoins it from the west and elongates in submeridional direction not
only on the western slope of the North-Kara Rise, but also in the eastern part of
the bottom of the St. Anna Trough. (3) A chlorite-smectite-illite association (char-
acterized by increased amount of smectite) is located in the western part of the
trough and on its western slope; in the north it rises to the base of the Franz-
Joseph Land Archipelago. (4) A chlorite-kaolinite-illite-smectite association with
significant amount of kaolinite and a dominance of smectite occurs in the south-
western part of the study region. In the direction to northwest, to the islands of the
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Fig. 10.5 Heavy-mineral assemblages in surface sediments from the St. Anna Trough (Levitan
et al., 1999). 1 – black ore-epidote-clinopyroxene; 2 – epidote-clinopyroxene-black ore;
3 – epidote-black ore-clinopyroxene; 4 – black ore-amphibol-epidote-cliopyroxene; 5 –
clinopyroxene-epidote-black ore; 6 – garnet-epidote-clinopyroxene-black ore; 7 – isobaths, m; 8 –
geological stations
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Fig. 10.6 Clay-mineral assemblages in surface sediments from the St. Anna Trough (Levitan et al.,
1999). 1 – kaolinite-chlorite-illite-smectite; 2 – kaolinite-smectite-chlorite-illite; 3 – chlorite-illite-
smectite-kaolinite; 4 – kaolinite-chlorite-smectite-illite; 5 – isobaths, m; 6 – geological stations
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eastern part of Franz-Joseph Land, the associations consecutively changed to a (5)
illite-kaolinite-smectite association and, further on, to a (6) illite-smectite-kaolinite
association.

Discussion of Results

The facies zonality in surface sediments of the St. Anna Trough area was deter-
mined on the basis of lithological and grain-size composition data as well as
mineral-composition data of fine sand, coarse silt and sub-colloidal (<2 mkm)
fractions.

As for the fine-sand fraction, Franz-Joseph Land is the main source of quartz
and rock fragments, whereas the North Kara Rise is the main source of feldspar.
Enrichment of biogenic carbonate in the northern part of the trough is related to the
action of Atlantic waters, which contributed to the development of the planktonic
and benthic foraminifers. Supply of bivalve and barnacle detritus from the shoals
of Franz-Joseph Land where they are a widely developed, plays a subordinate role.
Enrichment of fine-sand fraction by rock fragments in the west and southwest of the
studied region is likely to be connected with iceberg activity. Based on the position
of the boundary between the second and third associations of the light minerals in
surface sediments (Fig. 10.4), the (sub-) recent delivery of fine-sand material to the
St. Anna Trough was probably more intensive from the Franz-Joseph Land rather
than from the North Kara Rise.

The spindle-shaped aggregates of clay particles found in the 0.1–0.25 mm frac-
tion of sediments of the straits between the islands of the Franz-Joseph Land
are related to fecal pellets of zooplankton or zoobenthos. The formation of pel-
lets is also described in old pack ice due to repeated cycles of melting and
freezing (Pfirman et al., 1989). However, since old pack ice in the studied area
does not exist, this ice hypothesis can be rejected. According to the pellet size
and shape, their formation is most likely connected with the vital activity of
macro-benthos.

Black ore minerals of the coarse silt fraction are known to increase towards the
basic source provinces (Levitan et al., 1996). At the same time a specific mineral
specialization is quite obvious as well: Novaya Zemlya serves as the basic source
of epidote, Franz-Joseph Land associates with clinopyroxene supply, and the North
Kara Rise delivers garnet and iron hydroxides. Hornblende is probably supplied
from the northeastern part of the Barents Sea due to erosion of Mesozoic rocks,
which are partially exposed on the surface of Admiralty Swell (Gurevich, 1995).
An additional supply of clinopyroxenes by the Siberian Rivers into the studied area
seems to be unlikely today, but may have been important during the last glacial and
interglaciation cycles.

Based on the data by (Andrew and Kravitz, 1974) and (Wahsner et al., 1996) (Fig.
10.6), basic sources of chlorite and illite are the North Kara Rise and, to a certain
degree, Novaya Zemlya. Kaolinite is supplied from the east of Franz-Joseph Land
due to erosion processes of Triassic sandstones filled with kaolinite cement (Geolog-
ical structure of the USSR and regularities of mineral deposits distribution, 1984).
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The observed distribution of smectite is considerably difficult to explain. The
continuous development of chlorite-illite association in the east and southeast of the
studied area makes an active supply of smectite to the Kara Sea by the Siberian
Rivers more unlikely (Levitan et al., 1996). It is sufficiently obvious that the area of
increased abundance of smectite in the sediments between the kaolinite-dominated
association in the west and the chlorite-illite association in the east can have been
caused by weakening of the diluting influence of the corresponding clay-mineral
supply in proportion to their removal from the source province. Furthermore, reduc-
tion in hydrodynamic activity in the center of the trough may play a substantial role,
as indicated by the distribution of granulometric fractions.

There are three possible sources of smectite. First of all, it is the weathering
crust of the Lower Cretaceous traprocks of Franz-Joseph Land, causing increased
abundances of this mineral (>40%) in some areas in the straits between the islands
(Nürnberg et al., 1995). Secondly, there are Upper Jurassic bituminous shales, also
enriched by smectite (Elverhøi et al., 1995), which are outcropping in the region of
the Admiralty Swell west of Novaya Zemlya (Gurevich, 1995). The Atlantic waters
may act as the third source of smectite, which, according to the results of map-
ping the clay-mineral distribution in surface sediments of the eastern part of the
Barents Sea (Nürnberg et al., 1995), are also enriched by this mineral. As noted
earlier, the Atlantic waters penetrate St. Anna Trough, what is recorded by hydro-
logical measurements. During the flow of waters to the east along the northern
margin of Franz-Joseph Land an additional quantity of smectite could be deliv-
ered due to erosion processes of the weathering crust of Lower Cretaceous traprock.
Finally, it is not possible to completely exclude the supply of some admixture of the
“Siberian” smectite, although this source undoubtedly plays a minor role. According
to Fig. 10.6, the bottom erosion of Upper Jurassic bituminous shales is apparently
of important significance.

The investigations clearly showed that the mineral associations of recent sedi-
ments of the St. Anna Trough are mainly related to erosion processes of its sur-
rounding rises: Franz-Joseph Land, Novaya Zemlya and North Kara Rise. The more
remote sources, in particular, the ones located in the internal shelf delta areas of
Pechora, Ob and Yenisei rivers, actually do not influence the composition of sedi-
ments of the trough.

Facies Zonality of Surface Sediments in the Eastern
Kara Sea

Facies analysis of recent marine sediments (Murdmaa, 1987; and others) rep-
resents a basic tool for marine geologists studying lithology of bottom sedi-
ments. The facies structure of recent sediments in the eastern Kara Sea, strongly
affected by Ob and Yenisei rivers, was already discussed in early publications
by lithologists who studied this area back in 1930s–1960s (Belov and Lapina,
1961; Kulikov, 1961; Gorshkova, 1957; Kordikov, 1953; Ul’, 1936). Tradition-
ally, researchers paid a special attention to the facies analysis in many expeditions
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by VNIIOkeangeo, VNIIMorgeo, MMBI, MAGE, and AMIGE carried out in
the 1960s–1980s. The data obtained have been summarized in the comprehen-
sive work by V.I. Gurevich (1995). Facies indicators that were considered in
all works listed above, mainly included sediment color, grain size distribution,
mineral composition (heavy, light, and clay minerals), CaCO3, TOC, opal, and
heavy metal (Fe, Mn, and others) contents. We understand the facies concept of
A. Gressly according to its description by Frolov (1995, p. 240): “Facies are dis-
tinguished empirically based on direct field observations . . . according to objective
lithological, paleontological, and other geological indicators” (italics are marked by
V. Frolov).

The next stage in the study of the facies structure of surface sediments
from the eastern Kara Sea within a Russian-German cooperation with several
joint expeditions of R/V Polarstern in 1995 and R/V Academik Boris Petrov
in 1997, 1999, 2000, 2001, 2002, and 2003 (Matthiessen and Stepanets, 1998;
Stein and Stepanets, 2000, 2001, 2002; Schoster and Levitan, 2003, 2004).
The Academik Boris Petrov expeditions were carried out under the framework
of the Russian-German SIRRO (“Siberian River Run-off”) Project (see (Stein
et al., 2003b) and numerous references therein). This stage was not only character-
ized by comprehensive investigations of sedimentary environment as a continuation
of the work started by the P.P. Shirshov Institute of Oceanology during Cruise 49
of RV Dmitry Mendeleev in 1993 (Lisitzin and Vinogradov, 1995), but also by the
study of many new facies indicators of bottom sediments, such as some biogenic
remains (dinoflagellates, diatoms, and foraminifers), petrographic composition of
the 63–125 mkm and >125 mkm fractions, sedimentation rates, and determination
of a wide range of chemical elements using contemporary high-precision methods
(X-ray fluorescence and instrumental neutron activation). Addition of new geologi-
cal stations and geophysical profiles, as well as expansion of the study area relative
to Cruise 49 of RV Dmitry Mendeleev, allowed us to identify a wider set of facies
zones and subzones in the facies system of the studied area (Levitan, 2001, 2002).
Based on own data and available publications (Kulikov, 1961; Levitan et al., 1994;
Gurevich, 1995), we identified facies composition using a wide variety of indicators.
The facies zonation of recent sedimentation in the study area reflects interaction in
the land-sea system and includes successive transitions from fluvial to prodeltaic
(estuaries of large rivers) and marine shelf facies.

Materials and Methods

Figure 10.7 and Table 10.4 shows the locations of geological stations obtained
during cruises of RVs Dmitry Mendeleev, Polarstern, and Academik Boris Petrov.
The study region (68◦40′–78◦ N, 72◦15′–92◦ E) includes the Ob and Yenisei down-
stream beds, the Taz riverbed (right tributary of the Ob River), the Ob Estuary, the
Yenisei Bay, the Ob-Yenisei Shoal, and southern parts of the St. Anna and Voronin
troughs. Three Polarstern stations are located east of this region near the Sever-
naya Zemlya archipelago (two stations in the Vilkitsky Strait and one station in the
Voronin Trough).
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Fig. 10.7 Facies zonality and location of geological stations in the East Kara Sea (Levitan et al.,
2005a). Cruises: BP – RV Academik Boris Petrov; DM – RV Dmitry Mendeleev. A–D – facies
codes
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In order to study recent sediments, we sampled the surface layer (0–1 cm)
from box cores (in some cases, from Ocean–0.25 grab samples). Lithology of sur-
face sediments collected during Cruise 49 of RV Dmitry Mendeleev is described
by M.A. Levitan et al. (1994, 1996). Sediments obtained during cruises of RV
Polarstern and RV Academik Boris Petrov were described in the following publi-
cations (Matthiessen and Stepanets, 1998; Rachor, 1997; Stein and Stepanets, 2000,
2001, 2002; Schoster and Levitan, 2003, 2004).

Grain-size analyses were performed in the Analytical Laboratory of the Shirshov
Institute of Oceanology and the Alfred Wegener Institute. The results obtained were
partially used in (Levitan et al., 1996; Müller and Stein, 1999; Levitan, 2001; Stein
et al., 2004). In this paragraph we used the grain-size classification proposed in
(Frolov, 1995).

The composition of the >63 mkm fraction is described in (Levitan, 2002; Levitan
and Krupskaya, 2003). The composition of heavy minerals analyzed in the Institute
of Oceanology is presented in several publications (Levitan et al., 1996, 1999; Lev-
itan, 2001; Bourtman and Levitan, 2002). The composition of light minerals also
analyzed at the Shirshov Institute of Oceanology, is given in (Levitan et al., 1998,
and Levitan, 2001). Clay minerals studied at the Alfred Wegener Institute and the
V.I. Vernadsky Institute of Geochemistry and Analytical Chemistry are described in
(Shelekhova, 1998; Müller and Stein, 1999; Steinke, 2002; Krupskaya and Levitan,
2003; and Stein et al., 2004). Shelekhova’s data of clay minerals in the <1 mkm
fraction were recalculated for fraction <2 mkm using empirical coefficients given
in (Shelekhova, 1998).

In order to study distribution patterns of characteristic chemical elements and
compounds in surface sediments, we used results of routine wet chemical analyses
(Kordikov, 1953; Nürnberg, 1996) and X-ray fluorescence analysis carried out in
the German and Russian shore-based laboratories (Schoster and Stein, 1999), our
unpublished results obtained in Vernadsky Institute of Geochemistry and Analytical
Chemistry (I.A. Roshchina, supervisor), and neutron activation analyses (Levitan
et al., 2002). Sea-water salts were not removed from the samples prepared for anal-
yses.

Data on the distribution of palynomorphs (Matthiessen, 1999), diatoms
(Polyakova, 2003), and benthic foraminifers (Khusid and Korsun, 1996), as well
as calculation of sedimentation rates based on radiochemical methods, especially
137Cs (Stepanets et al., 1999, 2000, 2003), are further very important for the facies
analysis.

Facies Environments

We distinguish the following modern facies environments in the study region
(Fig. 10.7): (A) the river environment (the Taz, Ob, and Yenisei downstream beds);
(B) the estuarine environment (the Ob and Yenisei estuaries); (C) the inner shelf (the
Ob-Yenisei Shoal); and (D) the outer shelf (the Voronin and St. Anna troughs).

The river environment is characterized by the following features: fresh river
water (carefully controlled by the Niel Brown probe and instrumental salinity
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measurements from surface to bottom); several kilometers wide valleys (up to sev-
eral tens of kilometers wide in the southern part of the Ob estuary); water depth up
to 8–10 m; high current velocity (up to several decimeters per second); and rough
bottom topography with numerous ledges of bedrock outcrops. The riverbed allu-
vium is virtually absent. As a rule, the thickness of loose sediments does not exceed
several decimeters, and it reaches 2–3 m only at the confluence of Taz and Ob rivers.
The river environment is characterized by strong seasonal variations in both sedi-
ment delivery and freshwater discharge into the Kara Sea: their major portions are
related to the May–September period (Gordeev et al., 1996). The rivers are ice-
covered during most part of the year.

Differences in geology of drainage areas significantly affect the sediment compo-
sition. The Ob and left Yenisei tributaries drain a huge region of the West Siberian
Plate covered by Neogene–Quaternary friable clastic sediments whereas the right
Yenisei tributaries erode the rock of the old East Siberian Craton (Levitan et al.,
2005a). In the downstream area, erosion products of Permian–Triassic trap rock
from the Putoran Plateau play an important role. The Taz River flows from the east
to west across the Tydan watershed before its confluence with the Ob, and drains
loose Quaternary sediments.

The estuaries of the Yenisei River (Yenisei Gulf) and Ob River (northern part
of the Ob Bay) are traced in this work from the southernmost appearance of sea
water to the strong hydrological front that marks the northern boundary of the mix-
ing zone (Fig. 10.7). The latter is limited by the surface water salinity of 20‰
in both cases (Burenkov and Vasil’kov, 1995). Both estuaries are several tens of
kilometers wide. The Ob estuary is up to 30 m deep and the Yenisei estuary is
up to 37 m deep. The simplified water mass structure may be represented as two
wedges. Salinity of the upper (relatively freshwater) wedge increases northward,
whereas salinity of the underlying seawater wedge decreases southward. Current
velocities in the estuaries are considerably lower than those in the downstream
rivers (commonly, no more than a few centimeters per second). Strong temporal
variations in current direction provoke an unstable position of southern boundaries
of the estuarine environment in the water column. The bottom is commonly flat.
Thickness of soft Holocene prodeltaic sediments may reach 20–30 m (Gurevich,
1995; Dittmers et al., 2003; Stein et al., 2003a, 2004). Narrow deep valleys or
channels occur near estuarine coasts that serve (or served in the geological past) as
transport routes for water and suspended matter flows. The thickness of Holocene
sediments decreases sharply to a couple of meters near the coast (Dittmers et al.,
2003).

Rivers serve as the main sources of sedimentary material. They deliver suspended
matter, terrestrial plant (wood) remains, and freshwater flora. Coastal abrasion rep-
resents an additional source of sedimentary material. Ice-rafted material plays a
minor role. Activity of brackish-water and marine fauna and flora, which becomes
more important northward, is reflected in sediments. In the southernmost part of
the estuarine environment, we can identify the proximal zone (B1) represented by
the hydrodynamic barrier of the interaction between high-velocity river water flow
and relatively slow estuarine currents. As a result of such interaction, increased
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amounts of rather coarse-grained sedimentary material are settled here. Sedimen-
tation related to physicochemical and biological processes within the water column
(Lisitsin, 1994) dominate in the northern distal zone (B2). When tracing the distal
zone from the south to north, the precipitation of pelitic particles (due to change
in the charge of clay minerals) gives way to the coagulation of colloids and the
flocculation of dissolved Fe and organic matter (OM). Natural sorbents (supplied
from rivers and newly formed) absorb significant amounts of elements dissolved in
the seawater. The role of phytoplankton and bacterioplankton production progres-
sively increases further to the north (Vedernikov et al., 1994). Up to 90% of the
suspended matter discharged by rivers settles within the fresh water and seawater
mixing zones (“marginal filter”) (Lisitsin, 1994). First of all, this concerns silt- and
sand-size particles.

The inner shelf environment involves a wide area of the Ob-Yenisei Shoal (down
to a depth of 50–60 m) southward of the inner shelf edge. The shoal represents
a flat (gently northward-sloping) submarine plain (C3). Its topography is locally
complicated by island archipelagoes (Izvestiya TsIK, Academia Nauk, and others),
shelf depressions, and submerged hydrographic network of the Ob and Yenisei rivers
(C4). Bottom topography of the eastern inner shelf is rather poorly studied owing to
hard ice conditions. However, it may be suggested that some small ridges consist of
Pleistocene moraine deposits (Stein et al., 2002). Depth amplitudes commonly vary
within several meters.

The water column is distinctly stratified (Burenkov and Vasilkov, 1994). In sum-
mer, the surface water mass is represented by relatively warm and freshened Kara
Sea waters (their salinity increases northward up to 34.5‰). The intermediate
water mass is formed by the mixing of surface and deep waters. The deep water
is characterized by higher salinity and low temperature. Its genesis is related to
cooling of the surface water during the autumn–winter formation of sea ice and
the submergence of newly formed dense waters to lower levels. It is believed that
northeastern directions of currents prevail (Moretzky, 1985) although the actual
surface circulation patterns are complicated and highly variable. For example, the
northwestern transport becomes very important in some periods (Burenkov and
Vasilkov, 1994). Generally, velocities of surface and bottom currents are up to
several centimeters per second. However, according to S.I. Muyakshin, the veloc-
ities may reach decimeters per second in latitudinal jet streams (Levitan et al.,
1996).

The major part of the Ob-Yenisei Shoal represents an erosional or erosional-
abrasional surface related to combined effects of recent uplift and erosion by
bottom currents (Gurevich, 1995). Therefore, the thickness of soft sediments does
not exceed a few decimeters in this area, or they are even missing in ferro-
manganese nodule fields, where bedrocks are exposed as Cretaceous (or Pre-
cambrian) sandstones and siltstones (Gurevich, 1995). Rare shelf depressions
are commonly related to faults or their intersections (Explanatory note to tec-
tonic map of the Barents and Kara Seas, 1998). They are filled with loose
Quaternary sediments with a Holocene layer up to 5–8 m thick (Levitan et al.,
2000). The system of submerged river valleys (channels) of various ranks (width
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up to 5–6 km) on the Ob-Yenisei Shoal is best described in (Musatov, 1989) and
(Dittmers et al., 2008). In the downstream area, submerged Ob and Yenisei val-
leys cross the slope of the Ob-Yenisei Shoal and represent the outer shelf envi-
ronment (Fig. 10.7). The channels are partially (in some cases, completely) filled
with sediments. The thickness of Holocene deposits varies from several meters
to 10 m (Dittmers and Schoster, 2004; Stein, 2001). Some channels represent
sub-aqueous down cuttings barren of sediments (see (Dittmers et al., 2007) for
synthesis).

The bottom erosion, which dominates in the major part of the Ob-Yenisei Shoal,
promotes the washout and redeposition of the fine-grained clayey material in the
submerged channels and holes that serve as natural sediment traps. The same
channels, apparently, favor sediment transport in the nepheloid layer. In the inner
shelf environment, a dominant proportion of the sedimentary material is supplied
by bottom erosion of underlying sediments. The material of river discharge that
overcomes the mixing zone also contributes to the sediment supply. It should be
noted that erosion products of small islands and IRD serve as additional sources of
material.

The outer shelf environment (Fig. 10.7) is confined to the transition from the
Ob-Yenisei Shoal to deeper areas of the Voronin and St. Anna troughs (D1). This
environment is also developed within the troughs (D2). The transition zone includes
the northernmost part of the shoal near its edge, the steep slope, and the foothill.
Both the slope and foothill are characterized by a rough paleotopography overlain
by an almost continuous 3–7 m thick Holocene sediment cover. The depth differ-
ence between the shoal and foothill is 100–150 m. Environment D2 is character-
ized by a glacial topography of moraine deposits (Niessen and Dittmers, 2002) with
decameter-scale rises that are locally overlain by fine soft sediments up to several
decimeters in thickness. Considerably thicker young sediments are found in other
areas of the troughs (Polyak et al., 1997; Rachor, 1997). The sedimentary material
is derived from both the Ob-Yenisei Shoal and the local bottom erosion, whereas
IRD plays a minor role.

Stratification of the water column in the outer shelf environment is similar to
that on the inner shelf, but the warm intermediate Atlantic water appears in northern
areas at a depth of 200–300 m (Polyak et al., 1997). The general hydrological situ-
ation and comparison with other regions allow us to assume a high hydrodynamic
activity over the Ob-Yenisei Shoal edge and slope. However, direct current veloc-
ity measurements are absent. Surface-water salinity increases gradually northward
reaching 34.7‰ at about 78◦ N.

Facies

River facies comprise riverbed alluvium and submarine deltaic sediments. They
are characterized by gray or greenish gray color. Grain size of sediments varies
from gravel and sand to silty mud depending on the hydrodynamic regime. The
average grain size of river-sediment facies corresponds to sandy mud (Table 10.5).
The southern part of the Yenisei Bay and the confluence of the Ob and Taz rivers
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contain slightly siliceous diatomaceous silty mud (Krupskaya and Levitan, 2003)
containing more than 5% of opaline silica (Nürnberg, 1996).

The illite-smectite association of clay minerals with almost equal kaolinite and
chlorite contents dominates in the <2 μm fraction of river sediments (Table 10.6).
The comprehensive study of sediments in the Ob Bay showed that the Taz River is
a local chlorite source. After its confluence with the Ob River, chlorite is gradually
diluted by other clay minerals delivered by the Ob River (Krupskaya and Levitan,
2003). Sediments of the Yenisei River are enriched in smectite (to a lesser extent, in
kaolinite) and depleted in illite relative sediments of the Ob River (Steinke, 2002;
Stein et al., 2004).

Among light minerals of fraction 0.1–0.05 mm potassium feldspars and quartz
dominate; Ratio quartz/feldspars is 3.3 (Table 10.7).

The association of epidote, black ore minerals, and clinopyroxene prevails among
heavy minerals of this fraction. The clinopyroxene/epidote ratio is 1.7 (Table 10.8).
The 63–125 mkm fraction and, especially, the >125 mkm fraction are strongly
enriched in rock fragments and wood remains (Levitan, 2002). The sediments are
characterized by high contents of SiO2, Ba, Y, La, Ce, Nd, and Sm, but low con-
tents of MnO, P2O5, Cr, and Eu (Table 10.9). The average TOC content varies
within 1.0–1.5% and is less than 1.0% only in sandy sediments (Stein et al., 2004).
The sediments contain abundant freshwater diatoms (Polyakova, 2003). Benthic
foraminifers are absent (Khusid and Korsun, 1996).

River sediments are characterized by wide variations in their grain size, min-
eralogy, and chemistry. For example, the >125 mkm fraction at Station BP03-16
(southern part of the Yenisei Gulf) is totally composed of wood remains and mus-
covite flakes (Levitan et al., 2004b). Such a combination is not found in any of
adjacent stations. Sediments taken at a distance of less than 1 km from each other
are often represented by different lithological types.

It is undoubtedly interesting to compare specific features of sediments from
each of the large rivers (Ob and Yenisei) in this region. According to our data,
the following indicators are most typical for the material discharged by the Yeni-
sei River: black ore minerals, wood remains in the sand fraction, high clinopyrox-
ene/epidote ratio, high smectite/illite ratio, increased Ni/Al ratio and Fe content, and
high magnetic susceptibility. Sediments of the Ob River are characterized by the
absence of black ore minerals, high content of wood remains in the sand fraction,
low smectite/illite ratio, high K/Al and Rb/Al values, and low magnetic suscepti-
bility (Levitan, 2001; Levitan et al., 1996; Schoster and Stein, 1999; Stein et al.,
2004).

Recent sediments are accumulating at a rate 350 cm/ky in the barrier zone of the
Ob–Taz confluence area (Stepanets et al., 2003). However, sediment accumulation
is not noted in the major part of the riverbed, because intense currents either wash
out the fine fractions or erode the bottom of river valleys.

Sediments of estuaries (fresh and sea water mixing zones) demonstrate a specific
composition. They are commonly represented by rather homogenous fine-grained
olive gray or black clays (B2). These sediments are replaced by silty sandy mud
only in the proximal (B1) facies (Table 10.5). In some cases, an admixture of
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Table 10.6 Average content of major clay minerals in different facies (fraction <2 mkm) (rel. %)
[Levitan et al., 2005a]

Facies Illite Smectite Smectite/illite Chlorite Kaolinite

A (n=11) 24 46 1.9 16 14
B (n=30) 25 44 1.8 17 14
C3 (n=23) 22 47 2.1 16 15
C4 (n=16) 23 49 2.1 15 13
D1 (n=7) 30 44 1.5 16 10
D2 (n=4) 38 39 1.0 14 9

coarse-grained material is noted in the mud, reflecting an input of coastal abra-
sion products (Levitan et al., 2004). Sediments of the mixing zone virtually do not
differ from riverbed deposits in terms of clay-mineral composition (Table 10.6).
Light mineral associations of the 0.1–0.05 mm fraction in sediments of both prox-
imal and distal mixing zones are almost identical. They differ from counterparts
in alluvium only by somewhat lower quartz content and quartz/feldspar ratio. The
K-feldspar content is very low in proximal sediments (Table 10.7). Against the sim-
ilar background of dominant heavy-mineral associations, we observe noticeable dif-
ferences between proximal and distal sediments: contents of clinopyroxene, horn-
blende, and garnet as well as the clinopyroxene/epidote ratio increase toward the
northern boundary of the marginal filter, whereas proportions of epidote and black
ore minerals decrease (Table 10.8). Wood remains and POLYCHAETA tubes prevail
in the >125 mkm fraction (Levitan, 2002). The chemical composition of sediments
in facies B2 is characterized by maximal concentrations of Al2O3, Fe2O3, TiO2,
MgO, CaO, Co, Sc, S, Eu, Tb, Yb, and Lu (Table 10.9). TOC content is commonly
>1.5% (Stein et al., 2004), whereas the content of biogenic opaline silica ranges
within 3–5% (Nürnberg, 1996). Freshwater algae, first of all diatoms, dominate
among the biogenic remains. Benthic foraminifers are represented by the brackish-
water Elphidium clavatum–Haynesina orbiculare assemblage (Khusid and Korsun,
1996).

Recent sedimentation rates are very high (440–1080 cm/ky) in depocenters of
the mixing zone for both Yenisei and Ob River mouths (Stepanets et al., 1999,
2000). The combined analysis of data on sediments from the mixing zone (grain

Table 10.7 Average content of major light minerals in different facies (fraction 0.1–0.05 mm)(rel.
%) [Levitan et al., 2005a]

Facies Quartz

Basic and
intermediate
plagioclases

Acid
plagioclases K-feldspars

Total of
feldspars

Quartz/
feldspar ratio

A (n=8) 68.2 3.0 5.3 12.3 20.6 3.3
B1 (n=9) 55.4 6.8 8.4 5.8 21.0 2.6
B2 (n=13) 58.5 3.9 6.5 14.1 24.5 2.4
C3 (n=19) 65.8 2.5 3.9 18.3 24.7 2.7
C4 (n=12) 66.4 3.7 1.4 21.9 27.0 2.5
D1 (n=9) 59.0 0.5 7.1 13.7 21.3 2.8
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Table 10.8 Average content of major heavy minerals in different facies (fraction 0.1–0.05 mm)
(rel. %) [Levitan et al., 2005a]

Facies n ClPx Ep Black ore minerals HBl Garnet Ep/ClPx

A2 3 31.6 17.6 24.7 7.7 2.9 0.7
B1 9 37.2 13.0 25.7 8.2 3.0 0.4
B2 13 44.4 12.1 14.3 8.9 3.5 0.3
C3 19 31.0 14.5 21.7 8.3 6.0 0.6
C4 12 36.2 14.8 18.8 5.8 5.5 0.6
D1 9 21.9 23.5 19.8 5.1 8.0 1.1
D2 4 21.7 26.8 17.8 7.0 7.6 1.2

Note: n – number of studied samples; ClPx – clinopyroxene; Ep –
epidote; HBl – hornblende

size, clay minerals, and chemical composition) and sedimentation rates lead us to
the conclusion that the major mechanism of sedimentation in the estuarine facies
was represented by the precipitation of huge amounts of clay minerals from suspen-
sion due to mixing of fresh and seawaters.

Bottom sediments of the inner shelf (Ob-Yenisei Shoal) differ considerably in
terms of facies depending on the depositional environment. One can divide these
sediments into the following two facies: (C3) areas between the valleys, i.e., buried
plains, and (C4) valleys of paleo-rivers and shelf depressions.

Facies C3 is represented by relatively coarse-grained clastic sediments (various
sands or muddy sands) and clastic-clayey sediments (sandy and sandy silty mud).
In general, the grain-size composition corresponds to silty sandy clays (Table 10.5).
The association of clay minerals in sediments of this facies zone virtually does not
differ from that in sediments of the mixing zone (Table 10.6). However, the illite
content increases and the smectite content decreases northward within the inner
shelf (Shelekhova, 1998). The illite and kaolinite contents are higher, while the
smectite content is much lower in the coastal zone off the Taimyr Peninsula (Müller
and Stein, 1999). The quartz content and quartz/feldspar ratio noticeably increase
in this facies zone (Table 10.7). We have to note in this context that typomorphic
features of quartz from sediments of the Ob-Yenisei Shoal considerably differ from
those in the facies described earlier (Levitan et al., 1998). In sediments of facies C3,
quartz is derived from underlying Mesozoic bedrocks, whereas quartz transported
by rivers from remote sources dominates in alluvium and mixing zone sediments.
Sediments of this facies are relatively enriched in heavy minerals, such as black
ore minerals, common hornblende, and garnet. However, the clinopyroxene con-
centration and clinopyroxene/epidote ratio are relatively lower (Table 10.8). Heavy
mineral associations distinguished in the Ob-Yenisei Shoal (Levitan et al., 1999a,
1999b) reflect both local variations in provenance and fractionation of heavy miner-
als during their transport.

The >125 mkm fraction contains relatively few rock fragments. POLY-
CHAETA tubes predominate among biogenic remains off the Ob River mouth,
whereas agglutinated benthic foraminifers are most abundant in the area off
the Taimyr coast, and bivalve shells prevail in the major area of facies C3
(Levitan, 2002). The chemical composition of sediments is characterized by
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very high SiO2 contents and maximal concentrations of Ba, Sr, and Zr (Table
10.9), because the sediments have mainly siliciclastic composition dominated
by quartz and feldspars. The TOC content is commonly <1.0% (Stein et al.,
2004), while the concentration of biogenic opaline silica is negligible (Nürnberg,
1996). The concentration of freshwater diatoms rapidly decreases from the
south to <20% in the northern area of facies C3 (Polyakova, 2003), while
the dinoflagellate concentration increases in the same direction (Matthiessen,
1999). The benthic foraminifer fauna is dominated by the marine calcare-
ous Elphidium clavatum–Cassidulina reniforme assemblage (Khusid and Korsun,
1996).

Facies C3 is almost universally represented by condensed sections. Therefore, it
is impossible to use short-lived isotopes (137Cs, 210Pb, and others) for the determina-
tion of sedimentation rates. In general, one can suggest that the average sedimenta-
tion rate does not exceed a few centimeters per thousand years. Two ferromanganese
nodule fields have been outlined in the northeastern and southwestern areas of facies
C3 (Gurevich, 1995).

Facies C4 is represented by fine-grained clayey mud of olive gray or brownish
gray color (Table 10.5). As noted above, the composition of clay minerals in these
sediments is almost similar that in facies C3. This is quite natural, because clay
minerals in both facies are mainly transported as suspended matter in a common
surface water mass widespread over the area, and the minerals settle onto the bot-
tom from the same water layer. The smectite content is slightly higher in the profile
off the Yenisei River mouth as compared to that in the Ob River profile (Steinke,
2002; Stein et al., 2004). It is interesting that associations of light minerals of the
0.1– 0.05 mm fraction are also similar in both facies C3 and C4, except for a slightly
higher content of sodium plagioclase and K-feldspar in facies C3 and C4, respec-
tively (Table 10.7). In facies C4, the heavy-mineral association is characterized by
very higher values of the clinopyroxene content and clinopyroxene/epidote ratio,
relative to facies C3 (Table 10.8), possibly reflecting a certain contribution of river-
ine material. Sediments of facies C4 have a high magnetic susceptibility (Dittmers
et al., 2003; Stein et al., 2004), which makes it possible to trace them in buried chan-
nels of the old Yenisei River. This fact also supports our suggestion. The content of
the >125 mkm fraction is much lower than that in facies C3, but its composition is
almost identical in both facies zones (Levitan, 2003).

The chemical composition of facies C4 is characterized by very high concentra-
tions of Ni, Zn, and S, and relatively high contents of Al2O3, Fe2O3, MgO, K2O,
Co, Sc, V, Sm, Eu, Tb, Yb, and Lu (Table 10.9). This type of composition reflects
very high contents of pelitic fractions (especially, clay minerals) and enrichment in
iron oxides. The TOC content commonly exceeds 1.5% (Stein et al., 2004). The
content of biogenic opaline silica is negligible (Nürnberg, 1996). Virtually the same
assemblages of marine fauna are developed in both facies C4 and C3. According to
radiocarbon datings (Levitan et al., 2000, 2004; Stein et al., 2003a, 2004), sedimen-
tation rate in the inner shelf amounts to tens of centimeters per thousand years.

Bottom sediments of the outer shelf are represented by brown and dark brown
very fine-grained clayey mud (Table 10.5). In some cases, it is slightly enriched in
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sand and silt on topographic highs. The sediments differ considerably from those
of the inner shelf in their clay-mineral composition. Illite and smectite contents
are almost equal (facies D2), and chlorite slightly prevails over kaolinite (Steinke,
2002; Stein et al., 2004). According to their quartz and feldspars contents, sediments
of facies D1 are similar to those from the mixing zone depocenter (Table 10.7).
Among heavy minerals, we observed a considerable decrease in the clinopyrox-
ene content and clinopyroxene/epidote ratio, whereas the proportion of epidote and
garnet increases, as compared to the inner shelf (Table 10.8). Differences between
facies D1 and D2 in the heavy mineral composition are negligible. We noted an
increased content of black ore minerals and rock fragments in the >125 mkm frac-
tion without the consideration of biogenic material (Levitan and Krupskaya, 2003).
In this fraction, POLYCHAETA tubes prevail among the biogenic remains in the
eastern part of the facies zone, and agglutinated foraminifers dominate in the west
(Levitan, 2002).

The chemical composition of sediments from the outer shelf is characterized by
maximal contents of MnO2, Na2O, K2O, P2O5, Cr, V, Cu, and Pb, whereas the REE
concentration is rather low. The SiO2/Al2O3 ratio is considerably lower in facies
D1 as compared to facies D2. Differences for other elements and ratios are less
significant. The TOC content commonly ranges within 1.0–1.5% (Stein et al., 2004).
Content of biogenic opaline silica does not exceed 1.0% (Nürnberg, 1996). Marine
diatoms and dinoflagellates dominate among the microflora remains (Matthiessen,
1999; Polyakova, 2003). Benthic foraminifers are mainly represented by relatively
deep-water agglutinated marine species of the Cristobrostomoides subglomosum–
Tritaxis nana assemblage (Khusid and Korsun, 1996). Based on radiocarbon datings
(Polyak et al., 2002), facies D1 is characterized by sedimentation rates of several
decimeters per thousand years. Sedimentation rates show much wider variations in
facies D2 (Polyak et al., 1997).

Thus, outer shelf sediments differ considerably from inner shelf ones in mineral,
chemical, and micropaleontological compositions. Some facies indicators point to a
contribution of riverine and estuarine materials to sediments of the outer shelf. We
believe that such a conclusion only apparently seems to be paradoxical. Taking into
account the genesis and age of geological bodies exposed at the bottom surface, as
well as the bottom topography, we may assume that remains of Late Pleistocene
deltas and/or estuaries possibly occur here (Stein et al., 2004) and they contribute to
the formation of recent sediments. Probably, the currently available data are insuffi-
cient for a more detailed subdivision of the outer shelf facies.

Processes of mineralogical and geochemical fractionation play an important role
in the formation of the recent facies structure. Using data on the distribution pat-
tern of heavy minerals and the chemical composition of sediments, the following
conclusions are possible.

The Q-mode factor analysis of heavy minerals showed that hydrodynamic activ-
ity in the nepheloid layer, including the bottom erosion and transport in the bottom
water by cold brines, is the main process controlling their distribution. The second
process is related to the transport of floatable minerals, such as mica and chlorite, in
the surface-water mass. Additional two processes are related to calm hydrodynamic
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conditions. We can suggest that one process reflects “biotransport mechanism” of
heavy minerals for settling onto the bottom, whereas glacial (IRD) sedimentation is
another process (Levitan et al., 1999a). The same statistical method allowed us to
distinguish the following seven heavy mineral associations (Levitan et al., 1999b):
(1) iron oxides/hydroxides + garnet + rutile + staurolite + tourmaline + Cr-spinel
(highly resistant association from metamorphic rocks typical of sediments in the
zone of intense reworking by bottom currents); (2) clinopyroxene + chloritoid (ero-
sion products of Siberian trap rock mainly delivered by the Yenisei River into the
Kara Sea); (3) orthopyroxene + anatase + spinel + andalusite (similar to the first
association, but less resistant); (4) black ore minerals (concentrated in coastal areas
or sites of intense bottom erosion due to high density); (5) biotite + chlorite (trans-
ported over long distances by surface currents); (6) leucoxene + epidote + apatite +
sphene + disthene (derived from seafloor bedrocks represented by slightly metamor-
phosed granitoids and/or sedimentary rocks); (7) magnetite + common hornblende
+ actinolite/tremolite + glaucophane (erosion products of amphibolite-facies meta-
morphic rocks and, partially, of rocks metamorphosed at low temperature and high
pressure).

Using X-ray fluorescence data (61 samples), we calculated the correlation
between 20 elements at the confidence level of 0.95. The following associa-
tions of elements showed significant (0.60 or more) positive correlations: (1)
Al–Ti–Mg–Fe–Co–Ni–Y–Zn–Zr (this association based on clay minerals, iron
oxides/hydroxides, and absorbed trace elements, is typical of fine-grained sedi-
ments); (2) Si–Ba–Zr (association of quartz, feldspars, and zirconium minerals
typical for sand and silt or for the clastic component of clastic–clayey sedi-
ments); (3) Mn–Co–V (the early diagenetic association with Co and V absorbed
on manganese hydroxides); (4) Ca–Sr (biogenic association based on the isomor-
phic replacement of Ca by Sr in the biogenic calcite and aragonite related to
foraminifer tests and bivalve and ostracod shells); (5) Fe–Sc–P (Sc is absorbed by
Fe and incorporated into its compounds; phosphorus together with organic mat-
ter is concentrated in the same fine-grained Fe-rich sediments); and (6) Mg–Na
(the most mobile elements concentrated in outer shelf sediments characterized
by the highest degree of fractionation). Obviously, the sediments include some
series of elements, in which each element is associated with several carrier-
minerals. For example, cobalt correlates with Al, Fe, Mn, Mg, and P, related
to different mineral phases, but the strongest correlation (r = 0.82) is registered
with Fe.

Facies variability of recent sediments in the eastern Kara Sea is related to the
superposition of many processes and factors. We believe that sediment sources,
bottom topography, and the hydrological structure of each facies zone are among
the leading factors. Processes of fractionation of sedimentary material during its
transport and mixing in the course of sediment accumulation mainly control the
facies characteristics.

Sediments of the river facies are mainly derived from drainage areas. The Ob and
Yenisei drainage areas differ considerably in their geology. The relief of river valleys
and generally high hydrodynamic level of sedimentation environment contribute to
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the grain-size distribution of river sediments. The river environment determines the
development of freshwater phytoplankton and the absence of benthic foraminifers.
Initial fractionation stages (including gravity, grain size, mineralogical, and geo-
chemical fractionation) are responsible for the immaturity of clastic material, high
contents of rock fragments and black ore minerals in the heavy fraction, the abun-
dance of wood remains. Mixing of the pure riverine material with products of coastal
abrasion and bottom erosion plays an additional role.

Sediments of the estuarine facies are essentially derived from the same sources
that supply the river facies. However, a dramatic change in the sedimentation envi-
ronment owing to the mixing of fresh water with sea water severely changed the
facies characteristics of estuarine sediments. Intense (“avalanche”) precipitation
from suspension into sediment due to coagulation of fine fraction caused a major
change in clay minerals. The transition of dissolved organic carbon and dissolved
Fe into the colloidal or suspended form promotes the flocculation and transfer of
corresponding compounds to bottom sediments. These processes are accompanied
by the absorption of considerable amounts of trace elements from seawater. Marine
planktonic microfossils and brackish-water calcareous benthic foraminifers appear
in the sediments. Fractionation of the sedimentary material is still poorly developed.
Coastal abrasion products also contribute to the sediment budget.

Recent sediments of the inner shelf facies are primarily derived from bedrocks
and older sediments within the sedimentary basin, including those exposed on
islands. Partially, the terrigenous material is also derived from river discharge that
could escape the river water-seawater mixing zone (Stein et al., 2004), eolian input
(Shevchenko, 2000; Shevchenko and Lisitsin, 2004), and IRD input. Intense bottom
currents promoted the deposition of clastic and clastic-clayey sediments in areas
between submerged river valleys of the Late Pleistocene-Early Holocene. It is pos-
sible that a part of these sediments represents relict or residual deposits. They con-
tain material of various degrees of maturity. Mature well-sorted quartz sand occurs
at some sites. The finest fractions are washed out, redeposited in the valleys, and
supplemented with additional portions of pelite from estuaries that could escape
the marginal filter barrier. Normal seawater salinity combined with shallow depths
favor the dominance of marine phytoplankton and shallow-water calcareous benthic
foraminifers among microfossil assemblages within this facies zone.

Sediments of the outer shelf facies are mainly related to erosion of ambient land
and seafloor (Levitan et al., 1999a, 1999b). Eolian dust and IRD play an insignificant
role. The significance of river discharge is also subordinate. Old fluvial sediments
exposed on slopes of the Ob-Yenisei Shoal, rather than present-day river sediments,
are more important in the outer shelf facies. Since the outer shelf facies of the Kara
Sea is located in a distal zone relative to the major provinces (coast of the West
Siberian Plain and Taimyr, as well as Ob and Yenisei River mouths), sedimentation
rates were relatively low and redox potential was high in the upper layer of the sed-
iments. Because of these processes and relatively high geochemical fractionation,
sediments of the outer shelf facies are enriched in mobile elements, such as Mn, P, S,
Cu, and others. Attenuation of the influence of modern riverine materials and growth
of primary plankton production increased the proportion of marine organic matter
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in the total organic-carbon fraction, although terrestrial organic carbon remains still
predominant (Fahl et al., 2003). Marine algae and relatively deep-water agglutinated
benthic foraminifers predominate among biogenic remains.

In summary, we have demonstrated that recent lithofacies of the study region
are controlled by several relatively independent processes related to changes in the
hydrodynamic and hydrochemical structure of the water column, water depth, dis-
tance from the main sources of sediments, provenance, etc. These processes affect
the fractionation and mixing of major components in the recent sediments. Data on
facies environment and composition obtained from surface sediments (see above)
may also give important information for interpreting ancient sediment data in terms
of paleoenvironmental changes on land and in the oceans.

History of Sedimentation

Late- and Post-Glacial History of Sedimentation in the Eastern
Part of the Barents Sea

There are several points of view among scientists regarding the development of Late
Valday (Late Weichselian) glaciation east of the Barents Sea. There are “marinists”
(Gritzenko et al., 1989), “moderate glacialists” (Pavlidis et al., 1990), and “glacial-
ists” (Epstein, 1985; Gataullin and Polyak, 1992; Gataullin et al., 2001; Polyak
et al., 1995). The “marinists” assume that a large LGM Barents Sea Ice Sheet never
existed, and all diamictons are marine deposits. “Moderate glacialists” consider that
several separated small glaciation centers related to the archipelagoes of islands and
underwater rises, occurred east of the Barents Sea during the LGM. Above underwa-
ter depressions of different genesis there may have been floating ice shelves, which
have not reached the seafloor. The view of glacialists proposing a large Barents-
Kara Ice Sheet of sufficient thickness, which penetrated to the bottom not only on
the rises but also in depressions, is supported by the data presented here.

During its formation, this LGM ice sheet has eroded older Quaternary sediments
and, thus, LGM moraine deposits directly overlay Mesozoic bedrock. From our
point of view, it is useful to map the boundary of the propagation of the LGM ice
sheet, since large parts of the Pechora Sea and south of the Kara Sea have not been
covered by glaciation at that time. It was possible to establish the position of this
boundary in the Pechora Sea (Polyak et al., 2000a, 2000b; Gataullin et al., 2001) and
also in the west and northwest of the Kara Sea (Polyak et al., 2000b; 2002; Stein
et al., 2002). Here, we will concentrate on mapping and reconstructing the extent of
the LGM glaciation in the eastern Kara Sea.

A comprehensive study of the LGM glaciation in the Barents Sea area was car-
ried out by scientists of P.P. Shirshov Institute of Oceanology (Russian Academy
of Sciences, Moscow) in the course of several cruises of RV Academik Sergey Vav-
ilov in the central and eastern part of the Barents Sea in 1997–1998 (Murdmaa and
Ivanova, 1999; Levitan et al., 2003a; Ivanova et al., 2002; Murdmaa et al., 2006).
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Materials and Methods

25 sediment cores were retrieved on three transects by gravity corer and subse-
quently studied (Table 10.10, Fig. 10.8). The western north-south transect (Fig.
10.9) is located from the eastern Franz Victoria Trough to the southern end of the
Central Deep. The northern transect is a west-east transect along 80◦ N (Fig. 10.10)
through the central and southern inflows of the Franz Victoria Trough to the glacial
trough located south of the island Slam. The eastern transect (Fig. 10.11) at 60◦ E.
intersects the strait between Franz-Josef Land and Novaya Zemlya and is stretched
to the south along the Western Novaya Zemlya Trough.

Sediment cores have been studied and described by I.O. Murdmaa, Yu. A.
Bogdanov and M. A. Levitan onboard of the vessel. The intervals of sampling varied
from 5 to 20 cm. The thickness of each sample was 1–2 cm. The grain-size analy-
sis of six cores was carried out at the Analytical laboratory of P.P. Shirshov Insti-
tute of Oceanology (Russian Academy of Sciences). We accepted the boundaries
between the gravel, the sand, silt and clay sizes as 1 mm, 0.05 mm, and 0.005 mm,
respectively.

Table 10.10 Characteristics of the studied sediment cores from the central and eastern parts of the
Barents Sea [Murdmaa et al., 2006]

Station
number ASV

Northern
Latitude

Eastern
Longitude

Water
depth, m

Core
length, m

Unit I
thickness, m

Unit II
thickness, m

Unit III
thickness, m

841 71◦56,6′ 37◦03,6′ 290 1.26 0.30 0.40 0.56
858 75◦50,6′ 39◦54,8′ 312 3.56 2.07 0.49 1.00
861 76◦43,0′ 40◦05,2′ 196 2.94 0.86 0.44 1.64
875 79◦56,6′ 39◦48,4′ 315 4.56 0.35 0.41 3.80
877 79◦55,0′ 42◦29,7′ 358 4.20 0.10 0.30 3.80
880 79◦55,5′ 47◦08,2′ 388 5.08 3.10 0.94 0.90∗

883 79◦49,9′ 53◦01,4′ 457 4.17 2.55 0.60 1.02
891 79◦29,3′ 59◦06,3′ 315 4.63 2.28 1.30 1.05
897 78◦06,0′ 59◦56,2′ 365 2.31 0.72 0.14 1.45
902 76◦51,0′ 59◦58,6′ 268 3.85 2.90 0.24 0.71
1006 71◦07,4′ 52◦00,9′ 182 4.45 4.45 – –
1060 78◦21,9′ 49◦50,4′ 252 2.95 1.50 0.34 1.11
1157 70◦35,0′ 52◦48,0′ 169 4.86 4.40 – –
1183 71◦28,3′ 40◦48,3′ 330 4.17 2.63 1.54 –
1190 73◦12,4′ 40◦56,4′ 316 2.76 0.23 = 2.53∗

1200 75◦54,4′ 41◦00,5′ 308 3.60 2.25 0.47 1.88∗

1212 78◦30,6′ 40◦57,1′ 289 2.04 0.12 0.48 1.44
1213 78◦39,1′ 41◦04,0′ 326 2.50 1.12 0.59 0.79
1217 75◦37,6′ 45◦42,6′ 313 2.12 1.03 0.27 1.09
1221 75◦59,8′ 42◦47,9′ 357 3.75 3.26 0.03 0.49∗

1282 76◦11,1′ 43◦29,9′ 330 1.77 0.40 0.10 0.27
1283 75◦34,8′ 43◦09,1′ 328 2.24 2.07 0.17 –
1302 75◦39,5′ 46◦09,7′ 306 2.70 0.78 0.39 1.53
1310 75◦06,1′ 53◦21,7′ 228 4,20 3,89 0,31 –

Note: (∗) total thickness of unit III, thus the unit IV is penetrated; (–) unit has not been penetrated;
(=) unit is omitted (hiatus)
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Fig. 10.8 Locations of sediment cores and lithological profiles of RV Academik Sergey Vavilov
Expedition (Murdmaa et al., 2006)

Radiocarbon AMS 14C datings are mainly obtained from samples of bivalve
shells in Gif-sur-Yvette (France) under the management of J.-C. Duplessy (Table
10.11). Then, the corrected radiocarbon ages were transformed into calendar years
according to (Stuiver and Reimer, 1993). Oxygen and carbon isotopes in planktonic
foraminifer tests N. pachyderma (sin.) and benthic foraminifers E. clavatum and
M. barleeanus were measured on mass spectrometer Finnegan MAT 251 in Gif-sur-
Yvette (France), using standards NBS 19 and NBS 18 as internal standards.

For foraminifer analysis performed by E.V. Ivanova and T.A. Khusid, 2 cm thick
samples were selected every 5 cm. All planktonic foraminifers were identified and
quantified (calculation of abundances). 200 to 300 benthic foraminifer tests were
identified and quantified in the >100 mkm fraction.

Results

Lithostratigraphy

Based on seismo-acoustic data complete sedimentary sections of Upper Valday
(LGM)-Holocene sediments can only be obtained in the shelf depressions of the
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Fig. 10.9 Lithostratigraphic correlation of sediment cores along the western (40–41◦ E) transect.
Location of sediment cores is shown on the water depth transect; for location see also Fig. 10.8
(Murdmaa et al., 2006)

Barents Sea (Gataullin et al., 1993; Polyak and Mikhailov, 1996). Thickness and
degree of completeness of the sections of post-glacial sediments mainly depend on
local bottom relief, but not on the water depth because the sediments may be rede-
posited by bottom currents in the narrow valleys and along the axial zones of the
glacial troughs (Murdmaa and Ivanova, 1999; Gurevich, 1995).

In the studied sections it is possible to identify four lithostratigraphic units
(Murdmaa et al., 2006), and their phases and thickness are greatly varied (see
Figs. 10.9, 10.10 and 10.11).

Unit IV is the Upper Valday glacial (LGM) diamicton, recovered in the lower-
most part (494–508 cm; 14 cm thick) of Core ASV 880 in the southeast of Franz
Victoria Trough (Fig. 10.12). It is a dark gray, very dense diamicton with a chaotic
mixture of fractions from large pebbles to finest pelite. The diamicton is charac-
terized by very low water content (18%) and low pore-water salinity (about 13‰)
(Bogdanov et al., 2001). Rare benthic and planktonic foraminifers are redeposited
from older sediments. Based on these characteristics we suggest that the diamicton
is probably a part of the continental moraine. Similar diamictons were recovered at
cores ASV 1200 and ASV 1201 in the Persey Trough and sediment core ASV 1190
in the Central Deep.

Unit III is a proximal marine-glacial facies (phase of initial deglaciation). Sed-
iments are gray and dark gray sandy-silty clays, which contain gravel and scat-
tered pebbles. They differ from the underlaying diamicton by a more fine-grained
composition, a more frequent presence of planktonic and benthic foraminifer tests,
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Fig. 10.10 Lithostratigraphic correlation of sediment cores along the northern (79◦45′–79◦57′ N)
transect; for location see also Fig. 10.8 (Murdmaa et al., 2006)

and a salinity of pore waters more close to that of sea water (28–30‰) (Bogdanov
et al., 2001). Massive unstratified sedimentary structures predominate, but weakly
expressed layering may be present, developed by layers of pebbles or fragments of
dense clays. Such interlayers were mainly observed near the top of the unit and are
characterized by reverse gradation layering. The thickness of the unit varies from
0.9 to >3.8 m (see Table 10.10).

Unit II is a distal marine-glacial facies (main phase of deglaciation). On the exist-
ing seismo-acoustic profiles this unit is represented by a well-stratified sequence of 5
to 20 m in thickness. At some places, the thickness may reach even 100 m (Gataullin
et al., 1993). At slopes and apexes of underwater rises the thickness decreases to 1
m and less, sometimes the unit is thinned out or only represented by a hardground
layer. The unit is composed of fine brownish clays with a content of the <0.001 mm
fraction of up to 74%, coarse sand, banded interlayers of sandy and silty clays of
different nuances of gray and brown color, ferrous hardground, homogeneous inter-
layers of grayish silty clays with sandy lenses or lenticular layers. Furthermore, a
distinct (to 34 cm) cyclicity of glacioturbidites occasionally occurred with a straight
gradation showing basal folded layers of massive silty sands, that change into lay-
ered sandy-silty clays upward in the sedimentary section.
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Table 10.11 Radiocarbon dates of samples from sediment cores ASV 880, 1200 and 1183 [Murd-
maa et al., 2006]

Lab number,
Gif

Core depth,
cm

Radiocarbon
age, years 1 σ, years

Calendar age,
cal. yrs. BP Studied material

ASV 880
99457 25 1550 60 1104 Yoldiella lusida
99385 46 2440 60 2082 Yoldiella lenticula
99386 166 6560 80 7081 Yoldiella fraterna
99458 216 7420 80 7866 Yoldiella sp.
99387 266 8830 90 9282 Yoldiella fraterna
99388 305 9150 90 9814 Yoldiella fraterna

ASV 1200
99802 110 5810 70 6225 Yoldiella sp.
99803 120 6180 60 6607 Assemblage of benthic

foraminifers
99804 165 6770 70 7300 Yoldiella fraterna
99805 195 9220 80 9981 Yoldiella lusida
99806 205 9450 80 10082 Yoldiella sp.
99807 210 9550 80 10331 Yoldiella intermedia

ASV 1183
100083 218 9820 100 10707 Yoldiella sp.

Note: The radiocarbon dates of sediment core ASV 1157 are given below.

Unit I is a marine facies of shelf depressions. The sediments are distinctly differ-
ent from the underlying sediments in terms of color (olive-gray color predominates),
a more uniform, homogeneous and much more fine-grained structure with strong
bioturbation (layered structures are not observed), a massive development of early
diagenetic hydrotroilite, abundance and variety of foraminifers, shells of mollusks
and tubes of polychaets, and a predominance of marine organic matter (to 80%)
(Romankevich et al., 2000). The thickness of the unit varies from 5–6 m to several
centimeters in the shelf depressions and is usually thinned out on the underwater
rises.

In general, the arches of underwater rises at depths of <100 m are usually lacking
of sedimentary cover, and outcrops of bedrocks or moraines are exposed here at the
surface of the seafloor. Mixtures of boulders, pebbles, iron-manganese concretions,
shells of mollusks and barnacles, mixed with clayey silt and silty sand, were dis-
covered at several deep-water rises, for example, on the Murmansk, the Persey and
Central rises. Coarse-grained material is enriched by IRD input, erosion of moraines
or winnowing of fine fractions by bottom currents.

Grain-Size Composition

In general, the four sedimentary units are characterized by a thinning of upward
sections with abrupt changes at their boundaries (Murdmaa et al., 2006). Only at
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Fig. 10.11 Lithostratigraphic correlation of sediment cores along the eastern (60◦ E) transect; for
location see also Fig. 10.8 (Murdmaa et al., 2006)

Core ASV 1183 (Fig. 10.13), the sediments of Unit I are coarser-grained compared
to Unit II, presented by fine clayey silts. In some cores, for example, ASV 880 and
ASV 1200, the basal layers of Unit I are enriched by sandy fractions.

The content of clay fractions varies from 30 to 60% in the diamicton matrix
(Unit IV). Sediments of Unit III are granulometrically very close to the diamic-
ton, but the content of sand is somewhat lower, and the clay content is some-
what higher. The silt content is approximately the same. It seems that the particles
of >0.1 mm are composed of IRD in all units, and finer sand could be trans-
ported by low density flows or bottom currents. In terms of grain-size distribu-
tion, sandy clays of units III and II are very similar, except that the fine clays
of Unit II are absent in Unit III. As already mentioned, the most fine-grained
sediments generally predominate in Unit I. It is very interesting to note that the ratios
of the 0.01–0.005 mm, 0.005–0.001 and <0.001 mm fractions in the sediments
of the upper three units do not differ from each other, suggesting a common
source and transport mechanism connected to melting of glaciers and extension
of under-ice currents. Eolian delivery, as well as precipitation of fine fractions as
a result of coastal abrasion, bottom erosion, remote river drainage, etc. have to
be considered as additional basic sources and transport processes of sedimentary
material.
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Melonis barleeanus

Melonis barleeanus
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Heavy Minerals

Heavy minerals are studied in four sediment cores of the western transect and in
two cores of the eastern transect. In general, the results indicate the influence of
regional source provinces with a continuous decrease of clinopyroxene abundance
from the north to the south, supplied from Franz-Joseph Land, and by an increase
of abundance of garnet and apatite, for which a basic source is the Baltic Shield
(Murdmaa et al., 2006). Furthermore, numerous local variations were observed.
Thus, the sediments of units IV-II Core ASV 1200 (Fig. 10.14) are characterized
by an apatite-clinopyroxene-garnet association due to the supply from southern
source provinces, and sediments of Unit I are characterized by a garnet-epidote-
clinopyroxenes association as a result of mineral mixing by surface and bottom
currents. Sediments of units IV-III of Core ASV 1190 are enriched in garnet, related
to glacial erosion of the Kola Peninsula, while a hornblende-epidote-garnet asso-
ciation is described in the sediments of Unit I, typical for the southern part of the
Barents Sea and related to riverine discharge (Levitan et al., 2003b). Near Novaya
Zemlya, the sediments of the more northern Core ASV 1310 contain an epidote-
garnet-hornblende association, which is supplemented by clinopyroxene in the south
(Core ASV 1157).

Based on our data we can identify three basic terrigenous-mineralogical
provinces in the 0.1–0.05 mm fraction: Southern-Barents (with a dominance of
garnet, zircon, titaniferous minerals, apatite, mica, and hornblende); Novozemelsky
(with a dominance of epidote); and North-Barents (with a dominance of clinopy-
roxenes and, partially, epidote).

Clay Minerals

Pilot studies of clay minerals in the <0.001 mm fraction were carried out in 8 sedi-
ment cores (Table 10.12).

An illite-kaolinite-chlorite association usually prevails among the clay minerals,
and the content of smectite is usually low (Table 10.12). Units IV and III are char-
acterized by very low contents of smectite (<10%), slightly lowered abundances
of illite (18–39%) and very high abundances of chlorite and kaolinite (52–75%
together) with a predominance of kaolinite. The specific similarity of the clay-
mineral composition of units IV and III and the clay-mineral association of Unit
I in the Russkaya Gavan fjord (Table 10.12) should be noted. This may be explained
by the delivery of “glacial milk” from the adjacent outlet of the Shokalsky Glacier.
In average, the content of smectite is steadily increasing in the sediments of Unit
II, the illite concentration slightly increases and the total amount of chlorite and
kaolinite is noticeably reduced.

The same tendency continues upward through the sedimentary section. More-
over, quite often the smectite content is not just increased in Unit I (compared
to Unit II), but reaches its maximum in the uppermost layers of Unit I. In gen-
eral, the composition of clay minerals in the studied sediment cores coincides with
clay-mineral data determined in surface sediments from the same area (Nürnberg
et al., 1995).
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Table 10.12 Content of clay minerals in the fraction of less than 0.001 mm in the eastern Barents
Sea sediments (rel. %) [Murdmaa et al., 2006]

Station
number ASV

Interval, cm Illite Smectite Chlorite Kaolinite Unit

880 0–3 22 30 26 22 I
59–60 25 10 32 33 I
3–5 44 12 22 22 I
53–55 37 17 24 28 I

861 63–65 32 16 25 27 I
78–80 31 8 31 30 I
93–95 27 19 26 28 II
103–105 30 6 32 32 II
0–2 28 43 14 15 I
13–15 42 26 17 15 I
155–157 47 12 20 21 I

858 207–209 26 45 15 14 II
257–259 26 22 25 27 III
285–287 39 5 29 27 III
330–332 35 1 36 28 III
44–46 30 15 30 34 I
189–191 28 9 32 31 I

1200 244–246 20 10 35 35 II
304–305 18 7 35 39 III
349–351 25 0 34 41 IV
8–10 36 28 18 18 I
30–32 50 19 15 16 II

841 100–102 57 4 20 19 III
114–116 28 2 34 36 III
119–120 28 8 30 33 III
309–311 29 24 35 12 I

1310 349–351 34 6 45 15 I
399–401 22 0 39 39 II

988 4–5 42 0 29 29 I
987 297–298 39 0 30 31 I

582–583 42 5 27 26 I

Note: Sediment cores ASV 987 and ASV 988 are located in the fjord Russian Gavan’.

The absence of any correlation between the heavy-mineral and clay-mineral asso-
ciations supports the hypothesis about the relative independence of the distributions
of the sub-colloidal and fine-sand fractions due to different transport processes and
accumulation of sedimentary material.

Foraminifers

Unit IV presents continental sequences and thus does not contain in-situ marine
fauna. Only a few tests, i.e., well-preserved left-coiled N. pachyderma (Ehrenberg),
were found in sediments of sediment core ASV 880, but according to a number of
features they are related to reworked older sedimentary material.
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A few foraminifers were found in Unit III, presented by Pleistocene and
reworked Mesozoic benthic (mainly agglutinated) species. Their quantity does
not exceed 0.01 tests per gram of sediment. Planktonic forms, the type of those
found in the underlying Unit IV, are even more rare. Most parts of the sed-
iments are barren in foraminifers. Nevertheless, the good preservation of the
Pleistocene benthic foraminifer species Elphidium spp., Cassidulina reniforme,
Islandiella helenae/norcrossi, and Melonis barleeanus, as well as the presence
of well-preserved aragonitic pteropod shells of Limacina helicina (Murdmaa and
Ivanova, 1999), indicate in-situ burial in the basin.

Sediments of Unit II contain reworked Mesozoic foraminifers and ostracod shells
in all cores. In most intervals, sediments are barren (in particular, this is true for
almost all cores of the northern and eastern transects). In comparison to Unit III,
however, a wide variety of benthic and planktonic forms, especially in sediment
core ASV 880, was observed. Together with the above-mentioned Arctic benthic
foraminifers, the Atlantic forms Pullenia bulloides, Cibicides wuellerstorfi, Cas-
sidulina teretis were also found. Besides the left-coiled planktonic foraminifer N.
pachyderma (Ehrenberg) its right-coiled variety as well as Turborotalia quinqueloba
are also present. The amount of foraminifers is still very insignificant and only
exceeds the numbers of the underlying unit at some areas.

Foraminifers reach their maximum abundance and specific variety in the sedi-
ments of Unit I. Planktonic forms in a more or less noticeable quantity are only
present in sediments from those core locations, which are influenced by Atlantic
waters (for example, sediment core ASV 880). The content of benthic forms some-
times reaches 41 and even 63 tests per gram of sediment. The preservation of car-
bonate tests strongly varies; moreover their strongest dissolution is noted for the
southeastern part of the studied area (cores ASV 1183, 1157, 1310), where barren
intervals are encountered. In general, for the central and eastern part of the Barents
Sea the variable distribution of the foraminifer fauna is characteristic in terms of
preservation, quantity, and associations. In the north, the Lower, Middle and Upper
Holocene sediments are noticeably differed from each other. Moreover, the Middle
Holocene is characterized by the maximum abundance and specific variety of fauna,
with notable abundance of the Atlantic boreal forms.

Oxygen and Carbon Isotopes

Oxygen and carbon isotopes were measured in carbonate tests of benthic fora-
minifers in cores ASV 880, 1157, 1183 and 1200, whereas measurements of tests
of planktonic foraminifers N. pachyderma sin. were only carried out for cores ASV
880 and 1200.

All isotopic data confirm that Unit I is of Holocene age. Small variations (<1‰)
in the isotopic composition of oxygen are probably caused by both changes in the
water temperature and its isotopic composition, which can be related to fluctuations
of the glacial ice-sheet volume, by local melting of glaciers, by the inflow of river-
ine freshwater, and by entering of Atlantic waters. For further details we refer to
(Duplessy et al., 2001, 2005).
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Discussion of Results

All data obtained within this study give important information on the glacial ice-
sheet history, the deglaciation and the ongoing influence of marine accumulation
during the LGM-Holocene time interval. There is no question regarding the devel-
opment of Unit IV during times of maximum continental glaciation (LGM). Clay-
minerals data clearly point to the delivery by glacier. It is clear that the development
of Unit III occurred under following conditions: (1) onset of decay of the Barents
Sea Ice Sheet, (2) penetration of seawater from the north into the deepest shelf
depressions, and (3) active development of icebergs and initial development of lat-
eral flows of sediment material from the slopes, gradually released from ice shelf
rises in the depression. Probably, the developed sequences can be named as “sea
moraine”. According to seismostratigraphic data, units IV and III correspond to
the glacial seismostratigraphic complex proposed by (Gataullin and Polyak, 1977).
I.O. Murdmaa and E.V. Ivanova (1999) believe that sediments of Unit III should
be assigned to proximal glacial-marine formations of the initial deglaciation stage.
According to opinion of M.A. Levitan, the stratified diamicton of Unit III has a
greater petrographic similarity to underlaying diamicton of Unit IV than to the over-
laying sediments of Unit II. Therefore, Unit III should be appointed to the final
glacial stage in this area, in particular, to the substage of the initiation of the Barents
Sea Ice Sheet disintegration.

Not much is known about the exact age of the boundary between the two units
(II and III). It can be diachronic, if we consider the map of the boundaries of glacial
formations of different age on the Barents Sea seafloor (Landvik et al., 1998). Then,
the age may be between 12 and 15 14C ka for the larger part of the studied region
and <12 ka for the Novaya Zemlya area.

Apparently, there are no doubts about the fact that Unit II has been developed
under conditions of active deglaciation, with sedimentation predominantly under
sea-ice cover. Thus, turbidites were found in Unit II of Core ASV 1060, sedi-
ments of mud flows are described in the core ASV 1183, sediments of grain flows
were described in Core ASV 1310, and sediments of debris flows were found
in Core ASV 1200. Furthermore, it is obvious, that many structures have been
developed due to accumulation from nepheloid flows. For the larger part of the
studied region, the transition from Unit III to Unit II probably occurred at about
13.3 ka (Polyak and Mikhailov, 1996). Primary production at this time, although
somewhat increasing in comparison to the period of underlaying unit, remained
very low.

In 2004 M.A. Levitan participated in cruise 63 of RV Professor Shtok-
man in the central and western (Norwegian) part of the Barents Sea together
with Russian scientists from the P.P. Shirshov Institute of Oceanology and
Norwegian scientists from the Bjorness Paleoclimatic Center in Bergen. Geo-
logical and geophysical studies showed that in this area of the Barents Sea
it is possible to identify similar units as those described above for the
eastern part of the sea. Preliminary results of these studies are shown in
Table 10.13.
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Table 10.13 Location of sediment cores and thickness of the individual units (by I.O. Murdmaa
and M.A. Levitan)

Station
number
PSh

Northern
Latitude

Eastern
Longitude

Water
depth, m

Core
length, cm

Thickness
of the Unit
I, cm

Thickness
of the Unit
II, cm

Observed
thickness of
the Unit III,
cm

5138 73◦35′14 20◦59′34 501 277 277 – –
5140 74◦26′96 27◦45′72 397 56 19 – 37
5141 75◦29′00 30◦19′19 372 173 111 42 20
5142 75◦40′76 31◦03′16 355 61 33 3 25
5147 76◦04′54 32◦56′88 314 253 46 203 4
5150 78◦09′77 13◦45′37 431 204 101 93 10
5151 78◦20′83 15◦12′78 249 437 351 86 –
5154 78◦03′04 29◦40′96 319 71 – 29 42
5155 78◦50′53 37◦38′33 301 319 297 22 –
5157 78◦55′80 41◦52′87 461 457 >187 – –
5159 71◦21′65 22◦38′81 418 505 505 – –

Note: Blank means lack of sediments.

Holocene Sedimentation History in the Southern Novaya
Zemlya Trough

The Late Quaternary history of the Russian part of the Barents Sea and its southeast-
ern segment – the Pechora Sea - has been actively studied in recent years using AMS
14C dated sediment cores (Polyak and Solheim, 1994; Lubinski et al., 1996; Polyak
et al., 2000; Duplessy et al., 2001), which allow to substantially deepen and develop
previously existing ideas. Nevertheless, high-resolution studies of the Holocene sed-
imentation history in the studied area are still very rare. As a result, problems such
as the identification of sediment sources, the degree of the Holocene Climate Opti-
mum expression in sediments from the Pechora Sea, the history of cold brines, and
estimates of paleoproductivity have not been examined in detail so far. Furthermore,
a number of the problems, connected with the extension of Late Valday glaciation
(LGM), still cause a vigorous discussion (Epstein and Chistyakova, 2005; Svendsen
et al., 1999; Bauch et al., 2002).

Methods

On board of RV Academik Sergey Vavilov, M.A. Levitan retrieved sediment core
ASV 1157 (70◦33’N, 52◦48’E; water depth is 169 m) in the central section of the
Southern Novaya Zemlya Trough (Fig. 10.15).

Recent Sedimentation Environment

The Southern Novaya Zemlya Trough is an elongated (120 x 25 km on the isobath
140 m) west-northwest directed depression in the Pechora Sea with steep slopes
and flat bottom, located to the south of the Southern Island of Novaya Zemlya. It is
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Fig. 10.15 Location of sediment core ASV 1157 in the South Novaya Zemlya Trough (Levitan
et al., 2004). 1 – location of sedimentary section with peat layer with an age of 15310 years (Sere-
bryanny and Malyasova, 1998); 2 – southern part of moraine of Admiralty complex (Gataullin and
Polyak, 1977)

filled with 5–10 meter thick Holocene sediments, up to 75–80 m thick Upper Valday
(upper Pleistocene) marine-glacial sediments and a 20–25 m thick diamicton (inter-
preted as basal moraine) of the Late Valday (LGM) age, which overlay (together
with older diamictons?) the Jurassic-Triassic bedrock (Gataullin et al., 2001).

The Admiral moraine complex shown in Fig. 10.15 relates to the youngest glacial
formation of the Barents Sea, since the radiocarbon age of the overlain moraine
sediments is about 8 ka (Landvik et al., 1998), i.e., the complex has been developed,
most likely, during the Younger Dryas. A narrow shallow (<60 m of water depth)
shelf zone is located to the north of the trough between its northern boarder and the
coastline of the Southern Island.

At the coastline of the island, Lower Paleozoic, weakly metamorphosed (green-
stone phase) detrital rocks are cropping out, which are overlain by red colored sili-
ciclastic rock and basalts of Triassic age (Geological structure of the USSR and
regularities of mineral deposits distribution, 1984). Thermo-abrasion of the coast



226 10 The Western Arctic Seas

and river extensions of small creeks and their channels from the Southern Island
are the main mechanisms of sedimentary delivery into the trough in recent time
(Khasankaev, 1978). Some sediments can also be supplied from the south, from
the shallow part of the Pechora Sea. According to heavy-mineral and clay-mineral
data in surface sediments from the Pechora Sea it is established that the Southern
Island is the main source of material for the present-day sedimentation of the trough
(Levitan et al., 2000a).

It is no doubt that a leading role in transport of sediments belongs to processes,
which take place at the underwater slopes of the trough. Furthermore, in the consid-
ered case we assume the existence of longitudinal bottom currents, which wash out
fine fractions and redeposit bottom sediments along the long axis of the trough. The
measured rate of bottom currents comprises <10 cm/s (Gurevich, 1995).

At the end of August 1998 the following stratification of water layer was regis-
tered: (1) upper layer of relatively warm (1.0–5.5◦C) and weakly-salt waters (30.8–
33.3‰), 23 m thick; (2) very sharply pronounced thermocline and halocline of sev-
eral meters in thickness; (3) intermediate water mass with temperatures of <–1.4◦C
and salinities of 33.3–34.5‰, 70 m thick; 4) cold (<–1,4◦C) and saline (34.5–
34.9‰) bottom waters which are likely to correspond to cold brines developed
under ice formation during fall times (Levitan et al., 2003b).

It is important to note that in the studied area there are no signs of the presence of
Atlantic waters. The nearest jet stream, which contains transformed Atlantic waters,
the so-called Kanin-Kolguev Current, passes 250 km to the west from the Southern
Novozemelsky Trough (Levitan et al., 2003b). The sea surface above the trough is
covered with ice more than half of the year, from fall to spring. The average annual
primary production is very low (<100 mg C/m2 per day) (Romankevich and Vetrov,
2001). This is mainly caused by the development of phytoplankton at the sea-ice
edge.

Results

The length of sediment core ASV 1157 is 486 cm (Fig. 10.16). The sediments
are soft, fine, yellowish-gray in upper 6 cm and olive-gray, olive and black below
(Levitan et al., 2003a). IRD was not found in the above sediments. Rare tubes of
polychaets with a length of up to 5 cm and with a diameter of 2 mm are noted from
the surface to the depth of 140 cm. Throughout the entire core bivalve shells of
Macoma calcarea, Tridonta borealis, Leda sp. and Portlandia arctica of up to 3 cm
and their detrite (3–5 mm) were found. The most abundant numbers of shells are
noted at intervals of 13–15, 38, 50–55, 93–95, 165–173, 255, 268–284, 309–324,
354, 372–373, 400, 410, 440 and 485–486 cm.

The core is characterized by a distinct layering, caused by different color of sed-
iments and by their structure and grain-size composition (see Fig. 10.11). Figure
10.16 clearly demonstrates that the sediments are generally bioturbated. The most
intensive bioturbation is noted at intervals of 6–49, 78–109, 129–258, and 379–
440 cm. The layering caused by the alteration of sediment colors is developed in the
interval of 440–470 cm. This structure repeatedly was described in sediments, which
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Fig. 10.16 Lithology and amount of the >0.05 mm fraction (in %) in sediment core ASV 1157
(Levitan et al., 2004). 1 – silty clay, 2 – silty clay with sand admixture, 3 – boundaries of layers
with different textures, 4 – hydrotroilite, 5 – bivalves shells, 6 – polychaets tubes; 7–10 – sediment
color: 7 – yellowish-gray, 8 – olive-gray, 9 – olive, 10 – black; 11–14 – texture: 11 – massive, 12 –
with weak and intermediate bioturbation, 13 – with intensive bioturbation, 14 – laminated. Arrows
show calendar age of mollusks shells
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were accumulated during deglaciation in the Barents Sea (Murdmaa and Ivanova,
1999). Starting from 10 cm and down to the bottom, abundant black spots and scat-
tered patches of hydrotroilite were found in the sediments

In accordance with the granulometric classification of V.T. Frolov (1995), the
dominating sediments are aleurite-clayey silts. Sandy admixtures of up to 15% (see
Fig. 10.16) were observed at some spots. Based on the distribution of the >0.05 mm
fraction, there are eleven layers (from top to bottom): 0–20, 20–60, 60–90,
90–150, 150–185, 185–205, 205–380, 380–415, 415–470 and 470–486 cm. On a
larger scale it is possible to reduce these layers to the following four main intervals:
0–60, 60–185, 185–380 and 380–486 cm. The first interval is characterized by sand
concentration of 4–8% (in average 6%), the second one by 6–11% (in average 9%),
the third one by 4–14% (in average 8%, with maximum 14% at 180 cm and with a
distinct drop of the sand content downward), and the fourth one 6–14% (in average
10%, with a maximum of 14–15% at 390 and 475 cm). The very sharp boundaries
of the isolated layers and horizons by granulometric composition should be noted.

The recent sediments of the Southern Novaya Zemlya Trough belong to the
Southern-Barents type of terrigenous-mineralogical provinces by composition of
heavy minerals (Gurevich, 1995). There are about 40 mineral species found in Core
ASV 1157. The content of only four of them, i.e., clinopyroxenes, epidote, garnet
and black ore minerals, exceeds 10% (Fig. 10.17).

Iron oxides, hornblende and rutile are usually present in amount of several per-
centages. The content of other mineral accessories is negligibly small. Recent sedi-
ments of the Pechora Sea are enriched by hornblende, epidote, garnet, and black ore
minerals, and to a less extent by zircon (Levitan et al., 2003b). Rutile and clinopy-
roxenes, as a rule, are absent. Garnet is a more typical mineral for the western part
of the Pechora Sea, and epidote is the characteristic mineral for the eastern province.
Triassic basalts of the Southern Island serve as the source of clinopyroxenes for the
sediments of the Southern Novaya Zemlya Trough.

Examination of the distribution of a number of heavy minerals and their vari-
ability downward the sedimentary section of the core reveals a number of interest-
ing special features. In general, the relationship of the four main minerals changes
weakly. However, the clinopyroxene/epidot ratio clearly divides the core into two
parts: in the upper part (0–200 cm) it varies from 0.7 to 2.0 (in average 1.4), whereas
in the lower part (>200 m) typical values vary from 0.3 to 1.7 (in average 0.9) (see
Figs. 10.16 and 10.17). An explicit increase of the epidote content is obvious in the
interval below 460 cm.

In the same interval there is a noticeably sharp increase in the epidote/garnet ratio
(see Fig. 10.17). The defined confinement of such “floating” minerals as hornblende
and muscovite to the interval of 220–380 cm is brought to notice. If we examine
the primary results of mineralogical analyses, not converted to the determinable
grains, then we could clearly see an obvious connection with the same horizon of
the maximum of the content of grains with hematite coating (see Fig. 10.17).

The study of TOC distribution (Fig. 10.18) allows to identify two units, each
of which, in turn, consists of two subunits. The first (from top to bottom) unit
(0–125 cm) is characterized by relatively high TOC (in average 1.75%). The upper
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subunit (0–48 cm) contains high TOC concentrations (1.5–2.0%), while for the
lower one (48–125 cm) is characterized by TOC contents increasing downward
against the background values of sharp fluctuations of concentrations (from 0.7 to
2.2%). The second unit differs in terms of the clear decrease of TOC content down-
ward the section (from 2.2 to 0.6%). In this case the upper subunit (125–425 cm)
is characterized by clearly noticeable fluctuations of concentrations, which are not
obvious in the lower subunit (425–486 cm).

In general, sediments contain 2–4% CaCO3, with two exceptions of higher values
reaching 8 and 13% (Fig. 10.18). If we do not take into account these two maximum
values, it is possible to identify four units (from top to bottom): (1) 0–180 cm, with
a stable content of CaCO3 between 2 and 4%; (2) 180–400 cm, with a weak inrease
of carbonate content to the base of the unit; (3) 400–460 cm, with a clear drop in the
concentration of CaCO3 downward the section; and (4) 460–486 cm, with more or
less constant carbonates values.

The carbonate content in the sediments is mainly determined by the presence
of bivalves and their detritus, and planktonic and benthic foraminifers. Layers
with increased content of mollusk shells were indicated in the lithological descrip-
tion. There are almost no planktonic foraminifers in the sediments; as a rule,
their fraction does not exceed 1% of the total number of foraminifers in a sam-
ple. Only in the interval of 300–307 cm the number of planktonic foraminifer
N. pachyderma sin. tests sharply increases, reaching 15–40% of total number of
foraminifers.

According to the distribution of benthic foraminifer tests in 10 g of sediment (see
Fig. 10.18) it is possible to identify three units (from top to bottom): 1) 0–300 cm; 2)
300–460 cm and 3) 460–486 cm. In the upper unit the tests are strongly dissolved.
Their number composes 5–25 (in average 10) pieces per 10 g in the subunit interval
0–110 cm and 0–13 (in average 5) pieces per 10 g in the subunit interval 110–
300 cm, where the degree of dissolution is the highest. The second unit (interval
300–460 cm) can be divided into three subunits. In the upper subunit (300–375 cm)
the number of benthic foraminifers varies from 0 to 50 (in average to 30) pieces
per 10 g. The highest number of 20 to 90 (in the average 50) pieces per 10 g was
observed in the middle subunit (375–400 cm). In the lower subunit (400–460 cm)
the quantity of tests again decreases, reaching 5 to 65 (in average 25) pieces per
10 g. It is interesting to note that a noticeable increase in the number of foraminifers
in this unit (in comparison to the first unit) only led to an increase of the carbonate
content of 1.0–1.5%. In the lowest unit (460–486 cm) the number of foraminifers
increases downward the section, reaching 130 pieces per 10 g at the bottom; in this
case, an increase of carbonate content was not observed.

The following five horizons (from top to bottom) are separated in composition of
the benthic foraminifers: 0–70 cm, 70–258 cm, 258–420 cm, 420–450 cm and 450–
486 cm (see Fig. 10.18). The horizon 0–70 cm is characterized by a normal-marine
assemblage with many agglutinated forms (this additionally supports strong dissolu-
tion of carbonate tests), especially of Spiroplectammina biformis. This species was
found only in minor amounts in the interval 20–40 cm, where Elphidium clavatum
dominates.
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Two forms of benthic foraminifers prevail in the interval of 70–258 cm:
Hainesina orbiculare is a shallow form, which maintains strong distillation, and
Nonion labradoricum is a relatively deeper-water form, which dwells in waters
of normal salinity (Khusid and Korsun, 1996). Thus, this assemblage points to a
certain redeposition of sedimentary material from the “shoulders” of the trough.
It should be noted that in the interval of 120–190 cm the number of foraminifers
is so insignificant that it could not be identified as an assemblage. The benthic
foraminifers N. labradoricum, Cassidulina reniforme, E. clavatum (with dominant
N. labradoricum) predominate in the normal-marine assemblage of the horizon
258–420 cm which may support somewhat lower temperature of bottom waters
(Hald and Steinsund, 1996). The interval of 420–450 cm is characterized by a
foraminifer assemblage in which the relative role of N. labradoricum decreases
from top to bottom of the core, and C. reniforme and H. orbiculare increase.
The presence of Pyrgo williamsoni, an euryhaline and almost euritherm ben-
thic form, plays an important role. In general, the foraminifer assemblage has
been accumulated under less saline conditions and lower temperatures in compar-
ison with the overlaying interval. Finally, the lowermost interval (450–486 cm)
is characterized by a benthic foraminifer assemblage dominated by E. clavatum,
H. orbiculare, C. reniforme, P. williamsoni, suggesting a proximal glacial-marine
environment.

Oxygen and carbon isotopes were studied in tests of N. labradoricum and E.
clavatum. Due to the uneven distribution of E. clavatum in the sedimentary sec-
tion the data given below are restricted to N. labradoricum (see Fig. 10.18). Based
on isotope data, the following three intervals (from top to bottom) could be distin-
guished: 0–200 cm, 200–430 cm and 430–486 cm. The identification of the first
interval is questionable because the only available data are from to the top and the
bottom of this interval. The second interval from top to bottom is characterized by
heavy oxygen isotopes (with values from 4.50 to 4.89‰ relative to PDB) and an
uneven lightening of carbon isotopes (in the range from 0.30 to 1.80‰ relative to
PDB). Maxima of light oxygen isotope values of are observed at intervals 230, 284–
308, 380 and 420 cm. In general, fluctuations of carbon isotopes are anticorrelated
with the oxygen isotopes. The third interval (only represented by two data points) is
characterized by very light oxygen isotope values (see Fig. 10.18), related to a large
supply of glacial melt water into the bottom waters, and distinctly heavier carbon
isotopes.

The results of AMS 14C datings of bivalves are listed in Table 10.14. At first,
the obtained ages were corrected considering a marine reservoir age of 400 years
(Duplessy et al., 2001), then they were converted into calendar years following
(Stuiver et al., 1998). These data show that during accumulation of the entire 440 cm
thick sedimentary sequence sedimentation rates did not change, reaching about
45 cm/ky. At a depth of 440 cm an age is of 9535 calendar years before present
(cal. yrs. BP). We do not have data of sedimentation rate down to the bottom of
the section. For the Barents Sea, substantially higher sedimentation rates have been
repeatedly described for sediments of deglaciation stage, compared to overlaying
marine sediments (Murdmaa and Ivanova, 1999; Polyak and Solheim, 1994; Polyak
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Table 10.14 Age of bivalve mollusk shells from sediment core ASV 1157 [Levitan et al., 2003b]

Lab number,
Gif

Core depth,
cm

14C age,
years

1 σ,
years

Corrected
14C age,
years

Calendar
age, cal.
yrs. BP

Mollusk species

99 635 13 840 60 440 507 Macoma calcarea
99 636 50 1900 60 1500 1367 Tridonta borealis
99 637 165 3910 70 3510 3773 Macoma calcarea
99 638 338 6890 90 6490 7423 Leda sp.
99 639 355 7290 90 6890 7683 Macoma calcarea
99 640 378 7600 80 7200 7991 Macoma calcarea
99 641 393 8130 90 7730 8498 Macoma calcarea
99 642 398 8160 90 7760 8529 Macoma calcarea
99 643 423 8570 100 8170 9079 Portlandia arctica
99 644 440 8970 90 8570 9535 Macoma calcarea

et al., 1995; Hald et al., 1996). For interval 0–440 cm J.-C. Duplessy compiled the
following equation:

t = 335 + 20.83 h,

where t is calendar age (in years) and h is core depth (in cm) (Levitan et al.,
2003a).

Discussion of Results

All presented results will be discussed versus calendar ages. In Table 10.15, the
Holocene scale of Blitt-Sernander is given with ages of boundaries between stages
(Merkt, 1999).

Based on this time scale, most intensive bioturbation is noted between 9500 and
8230 (i.e. at the very beginning of marine conditions), 5709 and 3022 (into the Sub-
boreal Stage), 2605 and 1960, and 1360 and 460 cal. yrs. BP (i.e. into the Subatlantic
Stage).

Table 10.15 Calendar age (cal. yrs. BP) of Holocene stages by Blitt-Sernander scale [Merkt, 1999]

Stages Beginning End

Subatlantic 2600/24001 Now
Subboreal 6200/57001 2600/24001

Atlantic 9200 6200/57001

Boreal 10640 9200
Preboreal 11560 10640

Note: 1 – depending on region
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The duration of layer accumulation characterized by different content of the
>0.05 mm fraction varies from 415 to 3645 years, moreover values on the order
of 420 and 740 years are repeated several times. The boundaries between four basic
stages of grain-size composition change are related to the intervals 8250, 4190 and
1585 cal. yrs. BP. The first stage has an Early Holocene age and is characterized
by accumulation of relatively coarse-grained sediments. The same phenomenon is
described for the Early Holocene of the almost entire eastern part of the Barents Sea
(Murdmaa and Ivanova, 1999).

The extremely sharp (engaged of approximately 300 years) thinning of sediments
is noted at the boundary of the first and second stages (at a level of 8250 cal. yrs.
BP). By the way, this boundary also clearly coincided with the boundary between
the layer of intensive bioturbation and the overlying layer with massive structure
(see Fig. 10.16). Furthermore, during the second stage (from 7900 up to 4190 cal.
yrs. BP) there is a steady increase in the sizes of sediment grains, which led toward
the end of the stage of sediment accumulation of actually the same composition as
at the end of the first stage. During the third stage (from 4190 up to 1585 cal. yrs.
BP) the gradual (uneven) accumulation of thinner sediments is noted. Finally, during
the last stage (from 1585 cal. yrs. BP to the present) an insignificant coarsening of
sedimentary material is observed. In general, the layers with intensive bioturbation
differ somewhat in terms of coarser-grained composition (see Fig. 10.16). Probably,
this is explained by granulometric separation as a result of the vital activity of the
digging organisms of zoobenthos.

If a change in granulometric composition of separate layers is possible to explain
by the action of such local mechanisms as the activity of zoobenthos, the supply of
slope material or a change in the speed of bottom currents, then the noted stages of
granulometric composition changes, which are significant in terms of time period,
require another explanation. From the beginning of the Holocene to about 6000 cal.
yrs. BP, the relative uplift of continental blocks surrounding the Barents Sea proba-
bly depended on the combination of global eustatic sea-level rise (Fairbanks, 1989)
and regional glacio-isostatic ascending motions (Forman et al., 1999).

After 6000 cal. yrs. BP, when the sea level became relatively stabilized, the
glacio-isostasy has begun to play a dominant role. It is of interest that in the Laptev
Sea, located far beyond the limits of the zone of intensive Late Valday glaciation
(LGM) (Svendsen et al., 1999), the very sharp reduction of sedimentation rates
was noted precisely after 6000 cal. yrs. BP (Bauch et al., 1999). The processes
of glacio-isostatic rise occurred unevenly, with periodic delays, caused by changes
in rheological properties of lithosphere and by adaptation to the new environment.
Thus, for the Northern Island of Novaya Zemlya a stop of glacio-isostatic motion
was observed from 4400 to 2500 cal. yrs. BP (Forman et al., 1999), and for Kola
Peninsula from 8000 up to 4500 cal. yrs. BP (Corner et al., 1999).

It is possible to assume that during such a stop finely dispersed terrigenous mate-
rial was supplied into the sedimentation basin, while upon intensification of the
ascending motions more coarse-grained sediment was added. The presence of out-
crops of peat with the radiocarbon age of 15 ka (Serebryanny and Malyasova, 1998),
in the west of the Southern Island (in the northern part of the peninsula of the Goose
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Land) (see Fig. 10.15), most likely suggests a small thin ice sheet on the island dur-
ing the Late Valday (LGM). Hence, weak variations in the rates of glacio-isostatic
rise, which were incapable to influence changes of sedimentation rates, and which
were registered only in the grain-size composition of the Southern Novaya Zemlya
Trough sediments.

At the same time it is not possible to eliminate the specific effect of climatic
(paleo-glaciological) changes to the grain-size composition. From this point of view,
it is logical to assume a development of the layered unit in the lower part of the
sedimentary section due to year-round existing sea ice, as typical for deglacia-
tion stage. Then, accumulation of relatively coarse-grained sediments developed
after the accumulation of the layered unit, can be explained by the disappear-
ance of a closed sea-ice cover above the trough, caused by the Early Holocene
warming.

The accumulation of very fine-grained sediments with the above mentioned mas-
sive structure, beginning at 8250 cal. yrs. BP and lasting about 300 years, probably
correlates with the known Holocene short-term temperature drop at about 8.2 cal.
yrs. BP, which may have caused the development of a more closed sea-ice cover
in the studied region. In this case, the absence of bioturbation may suggest a sharp
reduction in primary production. The nature of this sea-ice cover is not clear yet:
was it “normal” sea ice, or did a floating glacier exist as the peripheral part of the
Southern Novozelsky glacial cupola? Then, at 4190 cal. yrs. BP (i.e. at the end
of the Atlantic stage and the beginning of Subboreal stage) the grain size of sedi-
ments was increasing in connection with the development of fine layers of season-
ally formed sea ice.

The period from 4190 to 1585 cal. yrs. BP probably corresponds to the “inter-
glacial” stage of the Southern Island development, which was expressed in thin-
ning of sediments because of the development of a more distinct seasonal sea-ice
cover in the trough area. The last 1600–1500 cal. yrs. BP were possibly warmer
which led to the recent climatic environment with the development of seasonal sea
ice of insignificant extension. The glacier was not only finally retreated from the
north of the Pechora Sea, but also generally melted at the surface of the South-
ern Island of Novaya Zemlya. Accordingly, bottom sediments have become some-
what coarser-grained. For testing this hypothesis (see Fig. 10.15), more detailed
studies of the terrestrial sections of Holocene sediments of the Southern Island are
needed.

The study of mineral composition showed that sediments, which have been accu-
mulated at the end of deglaciation (up to approximately 10000 cal. yrs. BP), are
characterized by the increased content of epidote and by high epidote/garnet and
low clinopyroxene/epidote ratios. In total these data indicate an increased role of
the southern sources, connected with the eastern part of the Pechora Sea (Levitan et
al., 2003b), against the background of the dominant role of the Southern Island of
Novaya Zemlya as the basic source of terrigenous material. A certain (substantially
smaller) sediment input from the southern sources (indicated by the clinopyrox-
ene/epidote ratios) continued up to 4500 cal. yrs. BP (i.e., the middle part of the
Subboreal Stage).
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Noteworthy is the period from 8250 to 4920 cal. yrs. BP, during which a signif-
icant quantity of grains with iron coatings were supplied into the bottom sediment.
This period sufficiently well coincides with a second change in the grain-size com-
position described above. Probably, this phenomenon is caused by the accumulation
of “coated” grains due to strengthening of chemical weathering during the Middle
Holocene stage, because in the south of the Southern Island the climate optimum
occurred during the Atlantic Stage approximately from 8.2 to 6.3 ka (Serebryanny
and Malyasova, 1998), i.e., from 8700 to 6600 cal. yrs. BP.

A slightly increased content of hornblende and micas in the sediments of this age
was most likely caused by the widespread development of outer-delta silts in the
Pechora Sea during the Middle Holocene (Levitan et al., 2000; Polyak et al., 2000a),
and partial by the supply of minerals from these coeval silts into the trough. The
decrease of hornblende and muscovite content in the Lower and Upper Holocene
sediments of the trough, which were accumulated at the time when marine sands
were spread to the south of the trough, support these assumptions (Polyak et al.,
2000a).

The TOC content continuously increased from the beginning of the considered
time period until about 2940 cal. yrs. BP. Then, up to 1335 cal. yrs. BP a decrease in
TOC occurred, followed again by an increase. Regretfully, no data on the organic-
carbon source, i.e., marine versus terrigenous, are available yet in the investigated
sediments. Thus, a general predominance of marine organic carbon over terrigenous
organic carbon is assumed, based on the data from surface sediments of the Barents
Sea (Romankevich and Vetrov, 2001), and processes of organic-carbon mineraliza-
tion during diagenesis were considered.

Thus, increased primary production, which controlls to a considerable degree
the TOC supply into the bottom sediments, is most likely restricted to the more
recent epoch, i.e., the late part of the Subatlantic Stage. For the period from 2940
to 1335 cal. yrs. BP, a certain decrease of paleoproductivity due to neoglaciation is
assumed. The noted decrease in TOC content in older sediments, however, should
not only be explained by changes in paleoproductivity, but, first of all, by diagene-
sis. Intervals of intensive bioturbation in older sediments may suggest episodes of
increased activity of burrowing zoobenthos, probably triggered by increased paleo-
productivity.

In sediments accumulated at the end of the deglaciation period, low carbon-
ate contents of 2.4 to 3.0% are noted. After the end of deglaciation period until
8670 cal. yrs. BP (i.e., approximately prior to the beginning of the Atlantic Stage),
a steady increase of the background CaCO3 content up to 5.0% is observed. At
8670 cal. yrs. BP, the carbonate content sharply decreases to 2.0% and stays more
or less stable until 7420 cal. yrs. BP (middle of the Atlantic Stage), when within
200 years the CaCO3 content increased to 5.5%. Later, at 4085 cal. yrs. BP (mid-
dle of Subboreal Stage) a clear decrease of the carbonate content to 1.8% was
observed. Then, up to the recent stage the CaCO3 content remained stable. It seems
that precisely within the period from 7210 to 4085 cal. yrs. BP, i.e., in the Middle
Holocene, the most intensive dissolution of biogenic carbonates occurred. The rea-
son for this phenomenon was probably an increased paleoproductivity, which led
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to the accumulation of high TOC concentrations in the sediments and, therefore, to
an intensive formation of CO2 due to diagenetic processes at the sediment/bottom
water boundary, that also contributed to the dissolution of carbonates.

Support for this interpretation is coming from the zones of strongest dissolution
of benthic foraminifers in the surface sediments of the Kara Sea occurring in sedi-
ments most enriched in TOC (Hald and Steisund, 1996). In the eastern and southern
Kara Sea (Levitan et al., 2000a; Ivanova, 2002) and in the Franz Victoria Trough
(Duplessy et al., 2001) intensive dissolution of foraminifers was observed, starting
at 6.9 ka in both areas (7.3 cal. yrs. BP). An increase in paleoproductivity implied
from different parameters, started at 7.0 ka (7.3 cal. yrs. BP) in the Fram Strait
area (Levitan et al., 2000a; Hald and Aspeli, 1997; Wollenburg et al., 2001), during
the Middle Holocene in the St. Anna Trough (Hald et al., 1999), and at about 7.2 ka
(7.6 cal. yrs. BP) in the eastern part of the Central Arctic Ocean (Stein et al., 1994a).
In all these studies, this phenomenon of increased paleoproductivity was related to
an intensification of advection of warm and salty Atlantic waters into the Arctic
Ocean. These results are the basis for the interpretation of the relationship between
increased paleoproductivity and increased dissolution of biogenic carbonates in the
sediments of the Southern Novaya Zemlya Trough.

Peak numbers of planktonic foraminifers were registered for the time period from
6730 to 6584 cal. yrs. BP (at the end of the Atlantic Stage), related to a short-term
migration of the Kanin-Kolguev Current to the east that occurred only 200–350
years after the Holocene climate optimum in the Franz Victoria Trough in the north
of the Barents Sea (Duplessy et al., 2001). Earlier, from 8670 to 8250 cal. yrs. BP (at
the beginning of the Atlantic Stage), the well-expressed maximum in the number of
benthic foraminifers is probably connected with the known short-term temperature
drop at 8200 cal. yrs. BP (Merkt, 1999).

The same phenomenon was observed in the sediments from the Yermak Plateau,
where maximum values planktonic and benthic foraminifers often occurred in
adjacent layers, because planktonic foraminifers are abundant under conditions of
increased paleoproductivity. The latter caused high concentrations of dissolved CO2

which lead to the strong dissolution of benthic foraminifers (Wollenburg et al.,
2001). Therefore, the maximum numbers of benthic foraminifers characterize con-
ditions of increased, but not maximum paleoproductivity.

Data on benthic foraminifers may indicate the stages of changing characteristics
of bottom-water mass. In the Boreal Stage (up to 9710 cal. yrs. BP) glacial-marine
conditions with very cold and partially freshened bottom waters were found. During
the period from 9710 to 9083 cal. yrs. BP this water clearly became more saline and
warm. From 9083 to 5710 cal. yrs. BP (i.e., during the Atlantic Stage) bottom waters
had a normal salinity, but were somewhat colder than today. Later, conditions close
to the recent environment existed. In the period between 5710 and 1795 cal. yrs. BP
the supply and redeposition of some benthic foraminifers occurred, that dwelled at
higher bathymetric levels, in the fresher and warmer water mass, on the bottom of
the trough.

According to oxygen isotope data on benthic foraminifers, the inflow of glacial
meltwaters into the bottom water layers ceased about 9300 cal. yrs. BP. A sharp
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isotope shift to 0.5‰ occurred for approximately 110 years at the boundary of the
Boreal and Atlantic stages. Further isotopic trends support a change in the charac-
teristics of bottom-water mass toward lighter oxygen-isotope composition. Taking
into account the recent T-S parameters of bottom waters, in particular, the temper-
ature of bottom-water mass near the freezing point, it can be assumed that changes
in fresh-water supply played a much more important role. It is thought that due
to brine formation some part of the light oxygen isotope could be seized from the
surface waters and transferred to the bottom.

If this is true, maxima in brine formation occurred at 9084, 8250, 6751–6251 and
5126 cal. yrs. BP. These maxima had durations from a few hundred to 1.2 thousand
years. It has to be mentioned that these conclusions are only related to the part of
the section, for which isotopic data are available. The Holocene thermal “marine”
optimum, noted for the Franz Victoria Trough at 7.85–6.90 cal. yrs. BP (Duplessy
et al., 2001), was not observed in the sediments of the Southern Novozemelsky
Trough, where the Atlantic waters have probably never reached the bottom during
Holocene times.

The short-term increase in the number of planktonic foraminifers mentioned
above is possibly related to the irregular migration of the Kanin-Kolguev Current to
the east. The noted differences in the isotopic composition of bottom-water masses
during the period of deglaciation and during the following marine stage suggest the
existence of a constant sea-ice cover above the trough during deglaciation stage,
which changed into an ice regime with a seasonal sea-ice cover at about 9300 cal.
yrs. BP, because only a seasonal ice cover allows the formation of cold brines.

There is a certain interest in the identification of the boundary between sediments
of deglaciation stage and strictly marine sediments. Sediments of the deglaciation
stage differ in terms of the presence of lamination structure, high epidote content,
high epidote/garnet ratios, very low and stable TOC concentration, a specific fauna
of benthic foraminifers, and a characteristic oxygen-isotope and carbon-isotope
composition of foraminifers. As shown above, the position of the boundary is dif-
fered for 45 cm core depth according to different parameters. The boundary between
both facies was probably caused by climatic changes. Here, benthic foraminifers
and their isotopic composition are the most sensitive indicators of climate change
in our study. Consequently, the deglacial stage ended at 430 cm core depth, i.e.,
about 9300 cal. yrs. BP. From the number of different litho-geochemical parame-
ters the most clearly given boundary is reflected in the distribution of TOC. The
remaining parameters appeared to change somewhat earlier, i.e. approximately near
10000–9500 cal. yrs. BP. This difference is probably caused by the specific inde-
pendence of each of the parameters and, correspondingly, by different reaction rate
to the proceeding climatic changes.

Because it follows from data given above that the Southern Island of Novaya
Zemlya served as the basic supplier of sedimentary material for the trough during the
Holocene, it is possible to assume that all sediments delivered from the island south-
wards was accumulating in the natural sedimentary trap presented by the trough.
Consequently, the average sedimentation rate of 45 cm/ ky (or <0.5 mm/year) is
approximately equal to the average rate of the island uplift during the Holocene.
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Taking into account seismo-acoustic data (Gataullin et al., 2001), the uplift rate was
probably about 1.0 mm/year, which corresponds to the very low rates of glacio-
isostatic rise (Trifonov, 1999). This supports an insignificant extension of a glacial
ice sheet on the island.

Thus, glacial-marine sediments found in the lowermost part of core ASV 1157,
were accumulated at the end of the deglaciation stage, i.e., after the Younger Dryas
phase of glaciation. These sediments are characterized by a glacial-marine assem-
blage of benthic foraminifers and an oxygen-isotope composition indicating an
active delivery of melt waters. A sea-ice cover existed throughout the year. The
Southern Island of Novaya Zemlya was the basic source of sedimentary mate-
rial, however, there was a slight influence of southern sources (i.e., the area of the
Pechora Sea) (Fig. 10.19).

Then, with the onset of the marine stage of sedimentation conditions character-
ized by a seasonal sea-ice cover, production of cold brines, and variable intensity
of paleoproductivity were developed. During the Atlantic Stage, a warmer climate
causing a noticeable displacement of the timber line and tundra in the European
part of Russia to the north (MacDonald et al., 2000) and a change from a psy-
chrophilic tundra vegetation to a more hemophilic flora on the Southern Island of
Novaya Zemlya (Serebryanny and Malyasova, 1998), led to the partial degradation
of permafrost of the Timan-Pechora lowland and an increase in water supply by the
Pre-Pechora River (MacDonald et al., 2000).

Outer-delta clayey silts were developed almost all over the entire area of the
recent Pechora Sea, up to the southern edge of the studied trough. Therefore, part
of the sediments entered the trough due to the delivery of these silts. Simultane-
ously with the climate warming, chemical weathering on the Southern Island was
strengthened (see Fig. 10.19). Beginning at approximately 7000 cal. yrs. BP, inten-
sive advection of warm and saline Atlantic waters into the Arctic Ocean contributed
to the increase of primary production in the West Arctic and, as a result, to intensive
dissolution of the carbonate tests of benthic foraminifers (see Fig. 10.19).

Then a gradual temperature drop led (1) to the retreat of the timber line and
tundra to the south during the Subboreal Stage between 4500 and 3200 cal. yrs.
BP, representing the beginning of neoglaciation (MacDonald et al., 2000), (2) to
a decrease of the Pre-Pechora River discharge, (3) to a substitution of outer-delta
silts by marine sands, (4) to a weakening of the influence of southern sources on
sedimentation processes in the trough, and (5) to an increase of physical weathering.

The Southern Island which main relief features were developed prior to the
Holocene, has undoubtedly served as the main source of material for sediment
accumulation in the Southern Novozemelsky Trough during the entire Holocene
period (see Fig. 10.19). The uneven glacio-isostatic rise during the Holocene coin-
ciding with paleo-glaciological changes, occurred in four stages that were reflected
in the grain-size composition. Moreover, sedimentation rate remained constant at
45 cm/ky. Conditions for layer formation have changed about every several hun-
dred years, apparently reflecting fluctuations of bottom-current rates in the trough,
delivery of material by gravitational processes from the slopes, and other possible
factors.
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History of Sedimentation in the Pechora Sea During the Late
Pleistocene and Holocene

Material and Research Results

The present paragraph is mainly based on data published by (Levitan et al., 2003b;
Mel’nikov and Spesivtzev, 1995; Gataullin et al., 2001; Levitan et al., 2000; Polyak
et al., 2000a). These studies demonstrated that marine-geological data of Quater-
nary and, in particular, Holocene sediments of the Pechora Sea allowed to identifiy
two basic types of sedimentary sections. The first type is extended in the extreme
northwest of the Pechora Sea, and the second type is located in the southeast. The
position of the boundary between both types of sections is shown in publications
(Gataullin et al., 2001; Polyak et al., 2000a).

Upper Valday and Lower-Middle Valday glacial diamictons divided and overlain
by non-glacial Upper Quaternary sediments (Polyak et al., 2000a), were recovered
in the northwest of Kolguyev Island in marine bore holes. In the south-eastern part
of the sea, only Lower-Middle Valday glacial formations revealed were recovered in
bore holes. The Late Valday and the period of deglaciation are not represented in the
bore holes due to a hiatus. The sections of Upper Quaternary sediments on Vaygach
Island and on the north of the Pechora lowland (up to the line of Markhidy) are of the
same type as described above (Mangerud et al., 1999). The Lower-Middle Valday
sections with an erosional unconformity overlays bedrock of Late Cretaceous age.

The section typical for the southeast of the Pechora Sea was recovered in a
number of closely spaced bore holes B–210–218 (Fig. 10.20) with the follow-
ing lithologies (from bottom to top): gray terrigenous sandstones and siltstones of
Late Cretaceous age (125–115 m); diamicton of Early-Middle Valday age (115–65
m); gray clayey silt and silty clays with fauna indicating an open-sea environment
typical for interglacial periods (65–37 m) (Okuneva, 1991); layered silts which
were accumulated in an outer-delta environment adjacent to the coast (37–28 m);
Holocene marine sands, divided into an interval of 15–5 m of silty clays and silts on
top (Polyak et al., 2000a).

It is especially important that all varieties of Quaternary sediments (except the
diamicton) are dated by AMS 14C method. Only one dating (37.1 ka), which is
likely to be too young, is from the diamicton. The gray silty clays are dated to 39.4–
28.3 ka, the layered silt – to 28.3–23.6 ka, and the lower sand unit to 9.7 to 9.1 ka
(Polyak et al., 2000a). The middle Holocene silty clays have an age of 8.2 to 5.0 ka
(Tarasov et al., 2000; Polyak et al., 2000a), and the upper unit of the Holocene sand
can be distinguished by a series of values of younger than 5.0 ka (Table 10.16)
(Levitan et al., 2000; Polyak et al., 2000a). Furthermore, the age of the bottom of
the Holocene “blanket” sand decreases from north to south.

The sedimentary sections recovered by gravity cores at the Prirazlomnoe and
Varandey sites (for location see Fig. 10.20) consist of (from top to bottom): Upper
Holocene sand and “transitional” layer; Middle Holocene “black clays” and “gray
clays”; Lower-Middle Valday (?) diamicton. According to seismo-acoustic data, the
Holocene sediments contain much gas in some areas, which sometimes escapes into
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Fig. 10.20 Location of geological stations in the Pechora Sea

the bottom water through pockmarks (e.g., Station 1123) (Levitan et al., 1999). The
grain-size characteristics of the sediments (with the exception of the “transitional”
layer) are given in Table 10.17, and some characteristics of their chemical composi-
tion and physical properties are presented in Table 10.18.

Based on the data of Table 10.17, fine and fine-grained sands prevail in the sandy
unit. Among the “black clays”, sandy-clay and clayey-sandy silts are most common,
and the “gray clays” are characterized by finer composition with a predominance of
sandy-silt and silty clays. The matrix of the diamicton resembles the composition of
“black clays”. Sedimentation rates in the sandy unit vary from 26.9 to 149.1 cm/ky
(Levitan et al., 2000) and rapidly change within the sedimentation basin.
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Table 10.16 Radiocarbon age of bivalve mollusk shells Astarta borealis and Macoma calcarea
from the “blanket” sand of the Pechora Sea studied in 13-th cruise of RV Academik Sergey Vavilov
[Levitan et al., 2000], with changes

Station ASV Horizon, cm
Lab number of the
sample

Radiocarbon age,
years Corrected age, years

1095 5–10 IOAN–4206 540±100 140
1100 75–87 IOAN–4201 3630±160 3230
1100 100–110 IOAN–4203 3630±180 3230
1115 70–80 IOAN–4204 950±170 550
1117 120–126 IOAN–4202 2950±210 2550
1124 75–84 IOAN–4205 2390±100 1990

Note: Radiocarbon dates are received by benzol method in P.P. Shirshov Institute of Oceanology,
RAS by V.M. Kuptsov; the species determinations of bivalve mollusks are made by N.V. Kucheruk;
the location of stations is shown at Fig. 10.12.

Data on grain-size and chemical sediment composition (see Table 10.18) sug-
gest that the “black” and “gray” clays were formed in an outer-delta environment.
Moreover, “black clays” were probably developed closer to the northern limitation
of the mixing zone of river and sea water under conditions of increased primary
production.

Coarse-grained material of different degree of roundness is present in the sandy
as well as the clay units presented by dark gray solid sandstones, siltstones, argillites
and clayey shales. The sizes of clasts vary from the gravel to the pebbles (up to
6×4×2 cm in size). A fragment of brownish-black peat 8×6×4 cm was found at
Station 22. The clastic content increases towards the coastline. A significant part of
this coarse-grained material probably enters the seafloor due to coastal abrasion and
melting of coastal shore ice.

The sandy and clayey units also contain shells of mollusks (bivalves); Astarta
borealis and Macoma calcarea predominate. Their sizes increase towards the coast.
Shells of gastropods were found more rarely. Mollusks were not found in the diamic-
ton.

A diamicton was observed in six cores at the Varandey site and, probably, out-
crops at the seafloor in the area of Station 1092. The diamicton is very solid or
semi-solid and has a gray and dark gray color as well as a massive homogeneous
structure. Angular or weakly rounded fragments of rock (including of dark gray
limestone) of different size (with length up to several centimeters) occur in rare
abundance (a few percentages of the rock volume in the core). The matrix is mainly
composed of mictite with a predominance of sand or silt fractions (see Table 10.17).
Its physical characteristics (in particular, the very high shear strength) suggest an
Early-Middle Valday age.

For most of the records, the boundary between the diamicton and the overlay-
ing “clayey” unit probably represents a hiatus. At stations 23, 1095 and 1102, this
boundary is presented as a fine layer containing weakly rounded fragments of gravel
to pebble size, which may indicate erosional processes in the uppermost part of the
diamicton.
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The “transitional layer” is composed of a chaotic mixture of lenses of pure sand
and lenses of underlaying “black clays”. Moreover, the latter are characterized by
a irregular shape and a strongly dismembered surface. They could fall into the
described layer only immediately after accumulation of the “black clays” layer (or
almost simultaneously), when compaction of these sediments has not just started.
All sedimentological and radiocarbon data (see Table 10.16) suggest a geologi-
cally instant accumulation of the “transitional layer”, possibly under conditions of
a very high hydrodynamic activity of bottom waters (benthic storm?) at the base
of sandy bars. This interpretation would contradict the assumption proposed by
L.V. Polyak (oral communication) about the Middle Valday age of the described
clayey-silt sediments (“black and gray clays”).

Table 10.17 Grain-size composition (wt. %) of the Pechora Sea Quaternary sediments [Levitan
et al., 2003b]
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Table 10.17 (continued)

Note: Size of fractions is given in mm; blank – lack of fraction; grain-size analyses were performed
in the Analytical laboratory of P.P. Shirshov Institute of Oceanology, RAS by V.P. Kazakova.

Table 10.18 Arithmetic mean values of TOC and CaCO3, and the physical properties values of
the basic Quaternary sedimentary units [Levitan et al., 2003a]

Unit Sandy Transitional “Black clays” “Gray clays” Diamicton

TOC (wt. %) 0.44 0.56 0.78 0.60 0.54
CaCO3 (wt. %) 0.78 1.27 3.22 3.05 2.51
Water content (wt. %) 22.0 30.0 46.0 33.0 23.0
Bulk density (g/cm3) 2.03 1.89 1.71 1.84 2.01
Shear strength (kPa) – 33.0 18.0 39.0 126.0

Note: TOC and CaCO3 were determined by N.P. Tolmacheva in P.P. Shirshov Institute of Oceanol-
ogy, RAS on the express carbon-analyzer An-7529; physical properties were determined by
A.V. Kondratenko (VNIIOkeangeo).

In general, the relationship between the layers and units in the coastal zone of the
southern Pechora Sea described above, is complex due to strong variability (Levitan
et al., 2000) and frequently occurring hiatuses. A geological model of the structure
of the studied Quaternary sediments is shown in Fig. 10.14. To the north, in the area
of the Prirazlomnoe site, however, the geological situation becomes more stable, the
top of diamicton is sharply immersed (Mel’nikov and Spesivtzev, 1995), and the
thickness of all Holocene layers noticeably increased.

History of Sedimentation

The Late Quaternary sedimentary history in the Pechora Sea reflects a complex
interaction of climate change (i.e., changes between glacial-deglacial-interglacial
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stages and Holocene interglacial variability), glacio-isostasy and neotectonic
motions, which led to repeated changes in the position of sea level, variations in
the delivery of river discharge, and fluctuations of the hydrodynamic regime in the
sedimentatary basin.

In first half of Middle Valday (45–60 ka) the Pechora Sea was occupied by a con-
tinental glacier, which originated from the Kara Sea through the Vaygach Island and
south of the Southern Island of Novaya Zemlya (Larsen et al., 1999; Polyak et al.,
2000a). In particular, the carbonate rock fragments found in the described diamicton
confirm this assumption. After the end of this glaciation period, the diamicton under-
went erosion in the territory north of the Pechora lowland and recent coastal zone.
In the more northern open-sea areas silty-clayey muds were accumulated, which
changed into layered outer-delta silt facies at about 30 ka as a result of sea-level fall
and, possibly, strengthening of delivery of river discharge.

Furthermore, the period of sea-level fall was associated with accumulation under
terrestrial conditions of the Late Valday glacier, which extended to the northwest
of the recent Pechora Sea from the Barents Sea and the Southern Island of Novaya
Zemlya (Polyak et al., 2000a). The southeastern part of the study area was most
likely to be eroded at this time under conditions of alluvial plain. The paleo-
hydrological reconstructions indicate that during the Late Valday the average annual
discharge of the Pechora River reached about 220 km3 (Sidorchuk et al., 1999) in
comparison with the recent value of 130 km3.

Based on the data obtained from the southern Barents Sea (Polyak et al., 1995),
deglaciation began approximately 13.5 ka and ended about 10 ka (i.e., earlier than in
the Southern Novaya Zemlya Trough where deglaciation was dated to about 9.3 cal.
kyrs. BP (Levitan et al., 2003a)). In the southeast of the study area, the sediments of
this age were either eroded in the course of the beginning of the sea-level rise or not
accumulated at all.

The marine transgression started in the Early Holocene (10–8 ka), related to the
global eustatic sea-level rise (Fairbanks, 1989). This process was probably more
important than the glacio-isostatic rise of the seafloor, which was apparently very
small due to the relatively small extent and thickness of the Upper Valday glacial
ice sheet in the studied area. Under such conditions the basal unit of marine sands
was accumulated in the Pechora Sea.

The noticeable changes occurred in the Middle Holocene (8–5 ka). At the end
of this period, eustatic sea-level rise ceased (Fairbanks, 1989) and the climate of
the adjacent land became much warmer and more moist (MacDonald et al., 2000).
Humidity increased due to both atmospheric precipitations and degradation of per-
mafrost. Under these conditions, river discharge significantly increased, and marine
sediments have changed into outer-delta silt and silt-clay deposits in most part of
the Pechora Sea (with exception of the Southern Novozemelsky Trough, where a
marine environment existed).

In the Late Holocene, i.e., after the end of the climatic optimum, the climate of
the surrounding land became cooler and drier. Possibly, just at this time (after 5 ka)
the complex of the insular barrier Gulyaevskie Koshki was formed, which blocked
most of the solid discharge of the Pechora River in the Pechora Bay. As a result, the
river discharge entering the remaining sea area was sharply reduced, and gradually
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Fig. 10.21 Geological model (profile) of Quaternary deposits in the south-eastern Pechora Sea
(Levitan et al., 2003b). 1 – sand; 2 – “black clay”; 3 – “gray clay”; 4 – diamicton

(earlier in the north and later in the south) outer-delta fine sediments changed into
a blanket of marine sands. Their thinning upward through the sedimentary section
was probably caused by a decrease in the rate of glacio-isostatic rise (neotectonic
uplift?) of the Pechora Sea seafloor (Musatov, 1989) and a weakening of bottom
erosion, rather than by sea-level rise and subsequent weak increase of river discharge
(although the latter can not be excluded). The basic features of recent sedimentation
were probably established during the Subatlantic Stage of the Holocene.

As already mentioned, there are other publications which dispute a number of the
conclusions presented above about the geological history of the Pechora Sea during
the Valday and Holocene periods (Epstein and Chistyakova, 2005). These authors
reinterpreted the same data from bore holes from the shelf and the seismo-acoustic
profiles obtained in work by AMIGE, which was used also in publications (Gataullin
et al., 2001; Polyak et al., 2000a). There is an idea about the presence of an Upper
Valday moraine and an older one in the central and southwestern parts of the Pechora
Sea. Subsequently, the Upper Valday moraine underwent intensive glacio-erosion
and wash-out in some areas during the catastrophic descent of dammed lakes.

Our model presented in Fig. 10.21 for a number of areas of the Pechora Sea still
seems to be true even with the new interpretation mentioned above. It should be
noted that O.G. Epstein and I.A. Chistyakova (2005) did not give any new radiocar-
bon datings, they have only re-interpreted several geophysical profiles. At the same
time, their scientific opponents used a whole series of original datings and an exten-
sive network of profiles. Certainly new detailed, well-dated sedimentary records are
needed to solve the problem of glaciation history in the area of the Pechora Sea.

Light Fraction Mineralogy of the Upper Quaternary Sediments
from the Saint Anna Trough and Its Paleoceanographic
Interpretation

The present paragraph is mainly based on research conducted by (Levitan and
Kukina, 2002). Three sediment cores (PL 94–08, PL 94–60, PL 94–64) recovered
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during the RV Professor Logachev cruise in 1994 (Fig. 10.4) were selected for the
comprehensive research by specialists from several Russian and German institu-
tions. The main results of this joint research were published in a scientific mono-
graph (Stein et al., 1999). Data of the light fraction mineralogy in the three cores
mentioned above, however, have not been included in the monograph because these
data had been produced much later.

Materials and Methods

The three cores were opened and described at AWI. Grain-size distribution was also
analyzed at AWI applying the Atterberg technique (Andreeva et al., 1999). A special
study showed that results obtained for same samples using the Atterberg technique
and the combined decantation/pipette method by V.P. Petelin (1967) are very similar
(Alekseeva and Svalnov, 2000). Trask coefficients were calculated using the method
of moments (Romanovsky, 1977). We only used normalized entropy values (Hr) to
evaluate sediment sorting (Table 10.19).

The 0.25–0.125 mm fraction was selected for the mineralogical analysis and
divided into the heavy and light subfractions in the AWI laboratory using sodium
polywolframat heavy liquid (2.87 g/cm3). Constant slides were then prepared
mounting the light fraction into Canada balsam (index of refraction 1.54). Round-
ness of quartz grains was determined in the 0.5–0.25 mm fraction using a 5-grade
scale (Khabakov, 1946), from angular grains with sharp edges (grade 0) to per-
fectly rounded grains with evenly smooth surface (grade 4). To determine the aver-
age roundness, we estimated the morphology of at least 100 grains. The number of
grains in each group was then multiplied by its grade number, the products were
summarized, and the sum was divided by the total number of measured grains.

In homogeneous sediments, samples for analysis were selected in intervals of
5–10 cm. In laminated sequences, samples were taken from each layer. N.A. Kuk-
ina performed the grain-size study together with colleagues from AWI (R. Stein),
VNIIOkeangeo (A.A. Krylov, T.V. Ponomarenko), and IO RAS (M.V. Bourtman).
The light fraction study was also carried out by N.A. Kukina.

Table 10.19 Degree of sediment sorting according to normalized entropy [Romanovsky, 1977]

Degree of sediment sorting Normalized entropy (Hr)

Perfectly sorted 0–0.1
Well sorted 0.1–0.25
Moderately sorted 0.25–0.5
Poorly sorted 0.5–0.75
Non sorted 0.75–0.9
Absolutely nonsorted 0.9–1.0

Results

The Upper Quaternary sediments recovered in the three studied cores from the Saint
Anna Trough are represented by three lithostratigraphic units: glacial, glaciomarine,
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and marine (Polyak et al., 1997). The oxidized surface layer that some authors dis-
tinguish as an individual unit (Krylov, 2000) was included into the upper unit of
marine sediments. Glacial sediments are represented by dense, massive, gray or dark
gray diamicton that contains rock fragments up to 10 cm in size and rare sand lenses.
In their genesis, these sediments are thought to belong to a basal till (Polyak et al.,
1997). The glaciomarine unit is characterized by distinct lamination. It comprises
intercalated brown and reddish brown buried oxidized layers of stiff clay; gray and
greenish gray sand layers (with graded bedding in the lower part of the unit), gray
silty clay with a layered structure, and some other lithological varieties. The unit of
marine sediments mainly consists of bioturbated olive gray clay with hydrotroilite.
It becomes yellowish gray in the upper part of the section. According to published
radiocarbon datings (Polyak et al., 1997; Hald et al., 1999), the glacial unit is likely
accumulated during the Last Glacial Maximum prior to 13.3 ka (corrected 14C age);
the glaciomarine unit spans the time interval from 13.3 to 10 ka; and the marine unit
is deposited after 10 ka. The thickness of glaciomarine and marine units in the St.
Anna Trough increases from the north to the south (Andreeva et al., 1999; Levitan et
al., 1999). AMS 14C dates on bivalve shells and benthic foraminifer tests are listed
in Table 10.20.

Core PL 94–08 (Fig. 10.23) recovered the following lithostratigraphic sections
(from top to bottom): (1) the marine unit (0–55 cm) is represented by brown silty
clay of various color shades; (2) the glaciomarine unit (55–105 cm) comprises inter-
calated greenish gray and dark olive silt with minor sand and silty sand; and (3) the
glacial unit (105–185 cm) consists of a reddish brown and dark gray diamicton with
a fine sand layer at 113–120 cm.

The average grain-size composition of the marine unit is as follows (wt. %):
0.94% gravel (>2 mm); 5.3% sand (2.0–0.63 mm); 41.27% silt (0.63–0.002 mm);
and 52.49% clay (<0.002 mm). The upper part of the unit shows a more fine-grained
composition (higher clay content) as compared to the lower part. The average grain-
size composition of the glaciomarine unit is 0.69% gravel; 12.5% sand; 53.88%
silt; and 32.93% clay. The upper part of the unit (55–60 cm) is enriched in sand
and gravel, and contains less silt than the lower part. The clay content is almost
equal throughout the section. The average grain-size composition of the glacial unit

Table 10.20 Radiocarbon dating of the sediment sample from the St. Anna Trough

Sediment core Core depth,
cm

Corrected 14C age,
years Reference

PL 94–08 40 9560 Kolstad, 1996
PL 94–60 87 2180 Hald et al., 1999
PL 94–60 137,5 3135 Hald et al., 1999
PL 94–60 254 5025 Hald et al., 1999
PL 94–60 304 5440 Hald et al., 1999
PL 94–60 395 7060 Hald et al., 1999
PL 94–64 360 9560 Kolstad, 1996
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Fig. 10.22 Lithology of sediment core PL94-60 (Levitan and Kukina, 2002). 1 – silty clay; 2 –
silt; 3 – sand; 4 – hydrotroilite; 5 – IRD

Fig. 10.23 Lithology of sediment core PL94-08 (Levitan and Kukina, 2002). 1 – silty clay; 2 –
silt; 3 – sand; 4 – IRD

is 3.77% gravel; 18.7% sand; 44.07% silt; and 33.46% clay. The gravel content
increases downward within the section. Sand and silt concentrations show irregular
variations along the core, whereas clay fraction content is rather constant.

Normalized entropy values in the marine unit range from 0.37 to 0.51 indicating
moderate sorting of sediments. Corresponding values for glaciomarine sediments
vary from 0.52 to 0.68 showing their poor sorting. Glacial sediments are character-
ized by maximum normalized entropy values from 0.6 to 0.7, and are thus even less
sorted than glaciomarine sediments. Therefore, sediments become finer and better
sorted upward in the core section, with the transition from glacial through glacioma-
rine to marine ones. The sand and gravel contents decrease, and the clay content
increases. According to their grain-size distribution, the marine sediments may be
classified as silty clay, whereas clayey silt predominates among the glaciomarine
sediments, and glacial sediments are represented by sandy clayey silt (mictite).
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The heavy-fraction content demonstrates minor variations along the section rang-
ing within 5–8%. Distribution patterns of the following four light-fraction param-
eters are described in the section: quartz/feldspar (Q/Fs) ratio, biogenic carbonate
content, concentration of rock fragments, and rounding coefficient of quartz grains.
The Q/Fs ratio does not show any significant changes downward in the section
within the interval 0–160 cm, varying around a mean value of 2. Further below,
in the glacial sediments, it increases up to 3.0. The biogenic carbonate content
decreases downward within the interval 0–30 cm from 53% to 0%, and carbonate is
absent at all below. The concentration of rock fragments in the studied fraction of
marine and glaciomarine sediments varies within 5–10%, except for a sandy layer at
60 cm, where it reaches 13%. The content of rock fragments is higher in the glacial
unit reaching 18% at a depth of 120 cm. The average rounding coefficient of quartz
grains from marine sediments is 1.84 (i.e., quartz is poorly rounded). Quartz is more
rounded in glaciomarine sediments, and the rounding coefficient value reaches 2.3
in the lower sandy layer. The rounding coefficient decreases downward in the glacial
unit, and it equals 1.6 at the bottom of the core.

Core PL 94–60 (Fig. 10.22) recovered the following lithostratigraphic sections
(from top to bottom): (1) dark gray and gray silty clay with plant remains, POLY-
CHAETA tubes, and hydrotroilite inclusions (0–308 cm); (2) dark brown silty clay
intercalated with sandy silt layers, which dominate in the interval 345–382 cm and
contain rare quartz and chert fragments, 1–5 cm in size (308–382 cm). According
to radiocarbon dates (Table 10.20, both subunits have a Holocene age. The discrep-
ancy between the depth of core bottom in our description and the location of the
oldest dated sample in Table 10.20 appeared, because several cores with different
total lengths were recovered at this station.

The average grain-size composition of the upper gray colored subunit contains
0.15% gravel; 1.9% sand; 43.74% silt; and 54.21% clay. Fine-grained mud of the
lower subunit is similar to the upper one in its grain-size distribution, but coarser
sediments are characterized by the following content of size fractions: 6.79% gravel;
21.04% sand; 47.74% silt; and 24.43% clay. Normalized entropy values in the inter-
val 0–340 cm range from 0.34 to 0.51 corresponding to moderately sorted sediments
whereas the values vary between 0.69 and 0.73 below indicating poor sorting. There-
fore, sediments become coarser and less sorted in the lower part of the section. In
general, the fine-grained sediments are attributed to silty clay, and the coarse-grained
ones are named as sandy clayey silt with gravel and pebbles.

The heavy-fraction content decreases from 20% at the core top to 3–4% at the
base of the section. The Q/Fs ratio value is about 1 throughout the section except for
the interval 120–180 cm, where the value is commonly higher reaching 3.0 in one of
the samples. The biogenic carbonate content is generally low. An uneven downward
decreasing trend from 6–8% of carbonate in the upper part of the core to 0% at the
level of 380 cm is rather apparent. The content of rock fragments slightly decreases
downward from 25–30% to 15% within the interval 0–315 cm, and considerably
increases up to 40%, near the core bottom. The rounding coefficient of quartz grains
slightly increases downward in the core from 1.55 to 1.8. The data obtained allow us
to suggest that reworking products of glacial sediments contribute to the composi-
tion of the lower (mictite) part of the section. We realized that diamicton is exposed
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Fig. 10.24 Lithology of sediment core PL94-64 (Levitan and Kukina, 2002). See legend at
Fig. 10.23

on trough slopes as small ridges (side moraines?), and that products of its reworking
were found in glaciomarine sediments recovered by cores PL 94–07 and PL 94–08
(Levitan et al., 1999; Polyak et al., 1997).

Core PL 94-64 (Fig. 10.24) recovered a rather uniform section of dark gray silty
clay with hydrotroilite inclusions and rare bivalve-shell fragments. Fine layers of
olive brown and greenish brown silty clay occur sporadically. Sediments within the
interval 170–180 cm are slightly enriched in sand. Based on a single radiocarbon
date (Table 10.20), and by comparison with the lithology of the nearby well-dated
core PL 94–67 (Polyak et al., 1997; Hald et al., 1999), the section described here
belongs to the Holocene.

The amount of gravel is commonly <1%. In most samples, the sand content
ranges from 1% to 35%, the silt content varies within 37–52%, and the clay frac-
tion makes up 46–60% of the sediment. Average values are 0.88%, 2.65%, 42.87%,
and 53.6%, respectively. Normalized entropy values range from 0.30 to 0.49 corre-
sponding to a moderate sorting of sediments.

The heavy-fraction content demonstrates rather wide variations, with an average
value of about 20%. The Q/Fs ratio is rather uniform throughout the section ranging
within 1.0 and 1.3. Higher values occur in the interval 105–150 cm reaching a maxi-
mum of 2.9 at 150 cm. The biogenic carbonate content is generally low, and it shows
a gradual downward decreasing trend from 8 –10% in the surface layer to zero at a
depth of 350 cm. The concentration of rock fragments decreases downward, from
30% in the surface layer to 18% at 315 cm, and then increases sharply to 28%. The
rounding coefficient of quartz grains is variable, but a clear downward increasing
trend is observed from 1.8 at the surface to 2.1 at the core bottom.

Discussion

As noted in the previous chapter, data on the light fraction of glaciomarine and
glacial sediments were only obtained from Core PL 94–08. Combining these data



History of Sedimentation 253

with published descriptions of many cores raised from the St. Anna Trough (Tarasov
et al., 2000) and with additional analytical results, however, we are able to come to
several conclusions about paleoceanographic and paleoclimatic environments of the
St. Anna Trough area.

The diamicton is characterized by abundant reworked Quaternary foraminifers
with an age beyond the limit of 14C dating, i.e. >35 ka (Hald et al., 1999) as well
as by Cretaceous palynomorphs (data by A.Yu. Sharapova, and personal commu-
nication by S.A. Korsun, 2000). Heavy minerals are mainly represented by pyrite,
siderite, and black ore minerals (Levitan et al., 1999). The majority of these min-
erals are probably reworked from Cretaceous rock underlaying the diamicton. The
minerals mentioned above make up >50% of the heavy fraction in the Cretaceous
sandstone from Vise Island located on the North Kara Rise (Kosheleva and Yashin,
1999). Clay minerals show higher kaolinite and lower illite contents in comparison
to the overlaying glaciomarine and marine sediments (Krylov, 2000). According to
kerogen microscopy data, coal particles and other terrestrial organic remains pre-
dominate in organic matter composition of the diamicton (Boucsein, 2000). The
terrigenous origin of dispersed organic matter is also indicated by high C/N ratios
and low HI index values (Stein and Knies, 1999). All these data are evidence for
a terrestrial glacial (bottom moraine) origin of the diamicton. The ice sheet proba-
bly reached the trough bottom, where Cretaceous rock and older Quaternary sedi-
ments served as main sediment sources. Sporadic water streams (possibly under-ice
ones?) only appeared at the end of glaciation, when sand interbeds and lenses were
deposited.

Sea water penetrated into the trough at the beginning of the deglaciation at
13.3 ka. Melting of the ice sheet resulted in a simultaneous distinct freshwater dis-
charge indicated by light oxygen-isotope values of benthic foraminifer tests (Hald
et al., 1999; Polyak et al., 1997). The presence of marine organic matter in sed-
iments may reflect the development of water exchange with the Central Arctic
Ocean (Boucsein, 2000; Stein and Knies, 1999). Rare in-situ planktonic and benthic
foraminifers including species related to episodic Atlantic Water penetration into
the St. Anna Trough also appear (Hald et al., 1999). The thickness of the ice sheet
successively decreased during the deglaciation. Permanent sea-ice cover existed
at the beginning of deglaciation. Pulsating sub-ice sedimentation predominated
with alternating instantaneous deposition from gravity flows and slow accumula-
tion of fine-grained sediments from the nepheloid layer that led to accumulation of
buried oxidized interbeds. We believe that a better roundness of the quartz grains in
turbidite sand interbeds is an evidence of active hydrodynamics during their accu-
mulation, but not a result of changed quartz source or longer transport. Based
on IRD layers enriched in coarse rock fragments and containing poorly-rounded
quartz grains, the ice cover disappeared episodically during the late deglaciation,
thus allowing a drift of icebergs. The decreased thickness of the ice sheet led to
sediment supply from both trough slopes. Changes in light-, heavy-, and clay-
mineral associations indicate a significant sediment supply from Novaya Zemlya
and the North Kara Rise slopes. Indeed, clinopyroxenes, black ore minerals, epidote,
and amphiboles begin to dominate among heavy minerals. However, layers with a
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heavy-mineral association characteristic for the diamicton also occur sporadically
(Levitan, et al., 1999; Polyak et al., 1997). The illite and smectite proportions
increase sharply among the clay minerals, and the kaolinite content decreases
(Krylov, 2000).

The grain-size distribution of the marine Holocene sediments in three studied
cores is quite similar. The sediments are represented by moderately sorted silty
clay, except for the lower part of Core PL 94-60, where a layer of coarser sediments
occurs. Taking into account the location of this core in a deep arm-like depression
extending northward of Novaya Zemlya (Fig. 10.4), we suggest that this layer was
probably formed by downslope gravity processes. Available data on the composi-
tion of this layer support such a suggestion. Therefore, generally uniform sediments
accumulated at the Saint Anna Trough floor throughout the Holocene. Sedimenta-
tion rates considerably decreased from south to north.

Rather constant quartz to feldspar ratios in all three cores suggest that the relative
contributions from the main provinces to the sediments supply into the Saint Anna
Trough have not changed during the last 10 ka. Only an episode of increased sed-
iment supply from glacial sediments exposed on slopes of a valley near Novaya
Zemlya affected the Q/Fs ratio in cores PL 94–60 and PL 94–64 between 2.5
and 4 ka.

A significant trend of increasing content of rock fragments and decreasing of
roundness of sand-size quartz grains upward in the Holocene section from the south-
ern part of the trough are interpreted as an evidence for a decrease of mean annual
sea-ice cover and an intensification of iceberg rafting related to a general warm-
ing during the Holocene. A higher content of rock fragments in sediments from the
lower part of Core PL 94–64 (>5.2 ka) coincides with an increase in the median
diameter of the surrounding sediments, explained by local slope processes.

The distribution of biogenic carbonate in the light fraction of the Holocene sedi-
ments is especially interesting. In Core PL 94–08, biogenic carbonate is represented
by both planktonic and benthic foraminifer tests which appear in the middle part of
the Holocene and rapidly increase in abundance upward in the section. Foraminifer
analysis carried out in the nearby Core PL 94–07 (Hald et al., 1999) revealed the
same foraminifer-distribution trend, as that found in our core. Distribution patterns
of the benthic species Cassidulina teretis related to Atlantic Water, are also simi-
lar. Unfortunately, the age control is insufficient for both cores. We can only suggest
that the increase in abundance of both benthic and planktonic foraminifers related to
intermediate Atlantic-water inflow, started sometimes in the middle Holocene. This
suggestion does not contradict our data on an increase in the number of foraminifer
tests upward in the section of Holocene sediments from the Yermak Plateau that
started 7 ka (Levitan et al., 2000). However, such a trend is much weaker in sed-
iments from the Franz Victoria Trough (Lubinski et al., 1996) likely related to a
local hydrological situation. As the Atlantic-water advection is highly important for
the Arctic Ocean climate, this problem needs further investigation. In the southern
part of the Saint Anna Trough (cores PL 94-60 and PL 94-64) biogenic carbon-
ate is represented by bivalve shell fragments. Upward increasing trends of biogenic
carbonate noted in the Holocene sections of both cores possibly reflect intensified
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advection of the transformed Atlantic Water (Barents Sea Water) into the southern
part of the trough. This led to an increased primary production which, in turn, caused
an increase in the zoobenthos biomass.

The volume of ice sheets further decreased during the Holocene that at a certain
stage glacier melt-water discharge lost its leading role in terrigenous sediment sup-
ply. More remote sources were increasingly involved in sediment delivery, includ-
ing the inner regions of the Kara Sea, as shown by the higher clinopyroxene content
among the heavy minerals in the southeastern part of the trough (Krylov, 2000).
According to mineralogical data (Levitan et al., 1999), the relative importance of
Franz-Josef Land as a source province increased gradually during the Holocene.
This is likely a result of considerably wider land area released from the ice sheet
on Franz-Josef Land and of its higher average topographic level, as compared to
the North Kara Rise. The productivity of the basin increases as reflected not only
by biogenic carbonate and hydrotroilite abundances, but also by the organic-matter
composition (Boucsein, 2000; Stein and Knies, 1999) as well as by widespread bio-
turbation structures. The change in dominating sedimentation mechanisms at the
transition from deglaciation to Holocene regimes led to a more important role of
long-distance sediment transport by surface and bottom currents, as it is expressed
by both sediment sorting and quartz-grains roundness. In general, sedimentation
rates decreased during the Holocene. Higher sedimentation rates prior to 8 ka pos-
sibly reflect a more abundant sediment supply from Siberian rivers (Polyak et al.,
2000, 2002).

Thus, the evolution of sedimentation in the Saint Anna Trough during the last
approximately 15 ka was related to the history of climatic changes. Three types
of sedimentation can be distinguished: glacial, glaciomarine, and marine. A specific
set of sedimentation parameters existed at each evolution stage including basin type,
extension of sea ice and glacier ice, mechanisms of sediment erosion, transport, and
accumulation, provenance, relationships with other sedimentary basins, and primary
production.

During the glacial stage of sedimentation, i.e., during the Late Weichselian, the
ice sheet reached several hundreds of meters of thickness, and directly contacted
the trough floor. Basal and side moraines formed under terrestrial conditions. The
trough floor mainly composed of Cretaceous clastic rocks served as a major material
source. Areas of material erosion, transport routes, and accumulation sites were
located very close to each other.

During the deglaciation (13.3–10.0 ka), the thickness of the ice sheet decreased,
and seawater began to flow under ice into the trough from both north and south.
Main episodes of intense sedimentation were related to the ice-sheet melting and
to pulsating delivery of huge freshwater masses into the basin where they mixed
with seawater. Source provinces occupied gradually more and more area on trough
slopes including side moraines. Primary production was increasing slowly and very
unevenly. During the final deglaciation stage, sea ice cover disappeared at times,
and icebergs drifted within the aquatory.

The relative role of sea ice reduced considerably when deglaciation terminated
at 10 ka. The thickness of pack ice likely did not exceed several meters. Settling
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of suspended matter from the nepheloid layer became a dominating sedimentation
mechanism. Biological transport mechanisms developed being related to a sharp
increase in primary production, especially during the second half of the Holocene.
The geography of source provinces expanded considerably, and the relative con-
tribution of Franz-Joseph Land to the sediment supply increased. Relations with
sedimentary basins in the south (Barents and Kara seas) and in the north (sedi-
ment exchange with the Central Arctic) became closer. Distances between sediment
sources and sites of accumulation reached their maximum.

Many aspects of the described succession of geological events need a more care-
ful geochronological control and a better time resolution. Due to the lack of precise
datings, further studies in the Saint Anna Trough are still needed.

Holocene History of Yenisei River Discharge

River discharge in the Arctic Ocean has a strong impact on the sea-ice formation,
water-mass stratification, thermohaline circulation, and other parameters related to
the Arctic climate. The Yenisei River accounts for nearly one-fourth of the annual
river discharge into this ocean (Aagaard and Carmack, 1989). Therefore, the Yenisei
discharge history is very important for understanding the Arctic paleoclimate.

The study of the late Pleistocene-Holocene history of the Kara Sea was restricted
for a long time due to the absence of a reliable geochronological database. In the
past, studies were mainly based on lithostratigraphic (Kosheleva and Yashin, 1999)
or ecostratigraphic (Levitan et al., 1994) models. More recently, sedimentological,
geochemical, and micropaleontological studies using radiocarbon AMS 14C datings
for age control were carried out (Levitan et al., 2000; Hald et al., 1999; Polyak et al.,
1997, 2000, 2002; Stein et al., 2002, 2003a, 2004). As a main result, all these publi-
cations indicate that the early Holocene sedimentation rate was significantly higher
in most part of the Kara Sea, related to enhanced suspended-matter discharges by
the Ob and Yenisei rivers.

The chemical and mineral compositions of bottom sediments of the Kara Sea
were described in several publications (Belov and Lapina, 1961; Gurvich et al.,
1994; Gurevich, 1995; Schoster and Stein, 1999; Siegel et al., 2001a, 2001b; Lev-
itan et al., 1996, 2002; Steinke, 2002; Stein et al., 2004). However, works devoted
to the evolution of the chemical and mineral compositions of bottom sediments
of the Kara Sea based on a reliable geochronological database and linked to the
Holocene sedimentation history are still very rare. The present paragraph provides
the first more detailed insight into this issue. Particular attention is given to the
Yenisei runoff history based on lithological, mineralogical, and geochemical data.
Micropaleontological indicators are also discussed on the basis of literature data.
Concerning the short-term variability in Yenisei river discharge through Holocene
times, the best AMS 14C-dated sedimentary record including high-resolution data of
lithology, magnetic susceptibility, grain-size distribution, palynomorphs, diatoms,
terrigenous biomarkers, and terrigenous organic-carbon input, was obtained from
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sediment core BP99-04/7 (73◦24.9 Ń, 79◦40.5 É; water depth 32 m) recovered in
the northern Yenisei Estuary (Kraus et al., 2003; Stein et al., 2003a, 2004).

Materials and Methods

We studied bottom sediments from cores BP00–23/7 (73◦28.5′ N, 79◦51.3′ E; water
depth 33 m) and BP00–7/6 (74◦39.5′ N, 81◦08.5′ E; water depth 38 m) recovered
from the Yenisei transect during the R/V Academik Boris Petrov cruise within the
joint Russian-German SIRRO project in 2000 (Stein and Stepanets, 2001). Results
of the macroscopic description and comprehensive investigation of smear-slides
(Stein and Levitan, 2001) were supplemented with data on the water content and
wet bulk density obtained by weight analysis (Kodina et al., 2001). The grain size
analysis was carried out by the combined method of V.P. Petelin (1967) in the Ana-
lytical Laboratory of the Shirshov Institute of Oceanology under the supervision of
V.P Kazakova. In order to allow a correlation with published grain-size data from the
same area (e.g., (Stein et al., 2004)), grain sizes of 0.05 and 0.002 mm were accepted
as the sand-silt (silt) and silt-clay (pelite) fraction boundaries, respectively. Names
of lithotypes of sediments in the Russian version of this paragraph (Levitan et al.,
2007) are given according to (Frolov, 1995).

Results of the radiocarbon AMS 14C analysis at the facility of Arizona State
Univerisyt of bivalve mollusk (Portlandia arctica) shells are given in Table 10.21.
In order to carry out the subsequent calculations, the obtained dates were corrected
for the reservoir age of 440 year (Stein et al., 2002) and transformed into calendar
years according to (Stuiver et al., 1998). All dates in the present paragraph are given
in the calendar age scale (cal. yrs. BP).

The chemical composition of sediments was analyzed at the Vernadsky Insti-
tute of Geochemistry and Analytical Chemistry by the INAA method described in
(Kolesov, 1994). In addition, concentrations of several elements were determined by
the ICP-AS and atomic absorption methods (Sedykh et al., 2000). Characteristics of
the studied sediments are supplemented by results of semi-quantitative determina-
tion of benthic foraminifer population (Ivanova, 2001) and the analysis of clay-
and heavy-mineral assemblages carried out by V.V. Krupskaya and M.V. Bourtman,
respectively. The clay minerals were analyzed in the <0.001 mm fraction, while the
heavy minerals were examined in the heavy subfraction (separated by bromoform
with n = 2.89 g/cm3) of the 0.1–0.05 mm fraction.

Table 10.21 Radiocarbon age of the bivalve Portlandia shell samples [Levitan et al., 2004]

Lab. no. Sediment core Core depth, cm Weight, mg Δ13C 14C age, years

AA44370 BP00–07/6 240 77 –2,76 4185±43
AA44371 BP00–07/6 645 108 –2,86 7482±50
AA44372 BP00–23/7 137 79 –4,04 8607±50
AA44373 BR00–23/7 290 36 –5,00 8891±62
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Results and Discussion

Sediment Core BP00-23/7

In the Gulf of Yenisei the following subfacies zones of recent sediments (from south
to north) can be distinguished: subaerial delta, submarine delta, proximal marginal-
filter zone, depocenter, and distal marginal-filter zone (Fig. 10.25). Core BP00–23/7
is located in the distal zone.

Lithological and Grain-Size Composition

Sediments of Core BP00–23/7 include the following lithostratigraphic units (from
top to bottom):

a

b

c

Fig. 10.25 Location of Yenisei Transect and geological stations (Levitan et al., 2004). 1 – marginal
filter (a – distal part, b – depocentre, c – proximal part), 2 – delta
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Unit 1: 0–85 cm. Olive-gray to dark olive-gray and black sandy-silty clay with
a coarse sandy-silty clay (hereafter, coarse silt) interlayer in the middle part. Two
wood fragments (1–3 cm) were detected at 0–25 cm and a bivalve mollusk fragment
was found at 24 cm. At 25 cm and further down-core, black spots of hydrotroilite
and bioturbation of low and medium intensities are typical. The sediments have the
following average composition: clay minerals 50%, quartz 25–30%, and feldspars
10–15%. Rock fragments and heavy minerals account for as much as 5–7% of the
sediment in the upper 25 cm and do not exceed 3–5% below. Diatoms and plant
remains account for <5%. Benthic foraminifers occur in rare amounts (2–5%).

The sand fraction (Fig. 10.26) varies form 13 to 20% in the upper 60 cm of
the section and abruptly drops to 8% below. In contrast, the silt content increases
from 27–30% in the upper interval to 34% in the lower part of the section. The
clay content remains relatively stable with 52–57%. The water content drastically
decreases from 52 to 40% in the upper 25 cm of the section and increases to 50% in
the lower interval. The wet bulk density gradually increases down-core from 1.20 to
1.40 g/cm3.

Thus, Unit 1 can be subdivided into the upper (0–25 cm) and lower (25–85 cm)
subunits.

Unit 2: 85–335 cm. Olive-gray silty clay. Black sediment layers, 2–4 thick,
occur at 144–159 cm and 183–192 cm core depth. Bivalve mollusk detritus was
found at 88, 120, 137, and 290 cm core depth. Unit 2 is characterized by abundant
hydrotroilite patches and coatings and moderate to strong bioturbation. In com-

Fig. 10.26 Lithology and mineral composition of sediment core BP00-23/7 (Levitan et al., 2004).
I–IV – lithostratigraphic horizons. Arrows show radiocarbon dates. 1 – silty clay; 2 – sandy-silty
clay; 3 – clayey-sandy silt and silty sand; 4 – shells of bivalve mollusks
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parison to Unit 1, Unit 2 is depleted in quartz and enriched in clay minerals and
plant remains. The amount of benthic foraminifers remains rare at 90–230 cm and
increases to a content of 5–10% in the lower interval.

Based on grain-size distribution, two intervals (85–175 and 175–335 cm core
depth) can be identified. The first interval is characterized by a down-core decrease
of the sand and silt contents (8–1 and 36–28%, respectively) and an increase of
the clay content (57–72%). In the lower interval, the sand content varies from
0.7 to 2.1%, the total silt content increases from 30 to 38%, and the clay content
decreases from 70–72% to 61%. At 230 cm core depth, the decrease of the clay
content becomes more prominent, probably related to the increase of foraminifer
remains. In the upper interval, the water content is quite stable (50–52%), and
the wet bulk density decreases from 1.40 to 1.20 g/cm3 at 130 cm, increases to
1.47 g/cm3 at 130–140 cm, and remains stable downward the section. In the lower
interval, the water content remains 50–52% up to the level of 230 cm. Below this
level, the water content at first drastically decreases to 42% and then rises to 50%.
The wet bulk density is 1.47 g/cm3 and increases to 1.50 g/cm3 at 280 cm. Based
on these data, Unit 2 can be divided into three sub-units (85–175, 175–230, and
230–335 cm).

Unit 3: 335–374 cm. Olive-gray slightly bioturbated sandy–silty clay and coarse
silt with a lower content of clay minerals. The concentration of rock fragments
and heavy minerals (including black ore minerals) is distinctly increased. Benthic
foraminifers are rare. The grain-size distribution is as follows: sand fraction 14–
16%, silt fraction 33–38%, and clay fraction 50%. The water content decreases
down-core from 50 to 24%. The wet bulk density is 1.47 g/cm3.

Unit 4: 374–427 cm. Olive-gray clayey-sandy silt and clayey-silty sand (at the
base) with a distinct horizontally-bedded structure of interlayers of 1–2 cm in thick-
ness. The clay-mineral content is very low (5–10%) at the core base. The rock-
fragment content increases to 25%. The concentration of heavy minerals, primarily
black ore minerals, is drastically increased. The sediments contain abundant plant
remains and fresh-water diatom frustules. Benthic foraminifers are absent.

The sand content is 32% in silty interlayers and 44–47% in sandy interlayers. The
silt content is 50 and 24–27%, respectively. The clay content is as much as 26–31%.
The water content and wet bulk density are up to 30% and 1.75 g/cm3, respectively,
at the core base.

Mineral Composition

As is evident from Fig. 10.26, the clay-mineral assemblage is rather monotonous
in the <0.001 mm fraction: smectite 34.2–44.3% (average 38.3%), illite 35.6–
41.8% (average 39.5%), kaolinite 6.8–13.5% (average 9.9%), and chlorite 8.1–
15.7% (average 12.3%). The average smectite/illite ratio is 1.0 (0.9 in the majority
of cases), while the chlorite/kaolinite ratio is 1.2. The smectite/illite ratio slightly
increases at the core base and in the surface layer. A chlorite–smectite–illite assem-
blage prevails in the sediments.
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In contrast, the heavy-mineral fraction (0.1–0.05 mm) demonstrates a distinct
trend (Fig. 10.26): the clinopyroxene/epidote ratio and the average clinopyroxene
content decrease downward the section. The down-core decrease of the content
of black ore minerals is less distinct. Like the smectite/illite ratio, the clinopyrox-
ene/epidote ratio increases in the surface layer and the lower half of the core. The
content of iron hydroxides and grains with an iron coating increases in the middle
part of Unit 2. The surface layer is significantly enriched in basaltic hornblende,
enstatite-hypersthene, titanite, fluorite, andalusite, muscovite, sillimanite, and rock
fragments.

Chemical Composition

The distribution of chemical elements and their ratios in the studied sediments show
a very characteristic signature for the following five types (“sand”, “silt”, “clay”,
“feldspar”, and “epidote”). In the “sand” type, the La/Yb ratio rises in the upper and
lower intervals relative to the middle interval (Fig. 10.27). This can be explained by
the geochemical behavior of LREE and HREE and the grain-size distribution of the
sediments. The “silt” type is marked by a more or less stable concentration of Zr,
Cd, Ni, and Ti, as well as Ce/La, Eu/Sm, and La/Sm ratios (Fig. 10.27). Some of
these elements are concentrated in the silt. The silt content is less variable than the
sand or clay content.

The “clay-type” distribution (with higher concentrations in the middle interval
and lower ones in the upper and lower intervals) is inherent to Al, Fe, Mn, P, U,
Mo, Cu, Zn, Co, Cr, Th, Sc, Yb, and Lu (Fig. 10.27). The Al and Fe distribution
deserves a special attention. Evidently, Al is mainly concentrated in the crystal lat-
tice of clay minerals. The Fe content increases from 2.0–2.5% in sediments of Unit

Fig. 10.27 Chemical composition of sediment core BP00-23/7 (Levitan et al., 2004)
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4 to 6.0–6.5% in the middle interval of Unit 2. The latter interval is characterized
by rather high contents of iron hydroxides and grains with a ferruginous coating
(∼20%). Because the Al concentration reaches maximum values in the entire Unit
2, the Fe concentration lag (relative to Al) should be attributed to the phenomenon
observed in the present-day mixing zones of fresh and sea waters, i.e., the shift of
maximum Fe concentrations toward the depocenter where Fe is extensively trans-
ferred from the true dissolved state to the colloidal state and precipitated as colloidal
particles and organic iron compounds. Such processes take place in the present-day
surface water of the Yenisei Estuary at a salinity of 5‰ (Dai and Martin, 1995). In
contrast, Al concentrated in clay minerals, already start to precipitate in the proxi-
mal marginal-filter zone at the beginning of the mixing of fresh and sea waters. This
process continues up to the frontal-filter zone. The major part of minor elements
of the studied assemblage is associated with clay minerals or unaltered iron com-
pounds. Therefore, the behavior of minerals can also explain the behavior of minor
elements. In this context, it should be mentioned that the Sc behavior exactly mim-
ics the Fe distribution (Fig. 10.27). Another significant process is the coagulation
of dissolved organic matter simultaneously with the transformation of iron forms
(Artem’yev, 1993).

The “feldspar-type” distribution only includes Sr that continuously increases
downward the section (Fig. 10.27). This phenomenon can probably be explained
by the predominance of fluvial matter at the core base. According to (Levitan et al.,
1998), the majority of feldspars (first of all, basic and intermediate plagioclases) are
derived from the Yenisei River runoff. The carbonate content does not exceed a few
percents in the studied sediments. Hence, the major portion of Sr is concentrated
in crystal lattices of feldspars (particularly potassium varieties) that prevail in the
sediments (Levitan et al., 1998).

Finally, the “epidote-type” distribution is characterized by concentrations of Hf,
Pb, Cs; La, Ce, Nd, Sm, and Eu. Their concentrations decrease downward the sec-
tion (Fig. 10.27). This can be explained by changes in the sedimentary environment
(Fig. 10.28) from the submarine delta (Unit 4) to the proximal marginal-filter zone
(Unit 3), depocenter (Unit 2), and distal marginal-filter zone with the participation of
products of coastal abrasion of the Taimyr Peninsula (Unit 1). Indeed, such behav-
ior of REE during the transition from the alluvial facies to the coastal-marine facies
is well known and described earlier (Balashov, 1976). Based on the study of REE
behavior, we revealed that the basal sediments (370–400 cm) are closely related to
the Siberian trap basalts, while sediments of Unit 1 are similar to platform sedimen-
tary rock (Table 10.22).

Sedimentation Rates and Mass Accumulation Rates

Based on the radiocarbon dates (cal. kyrs. BP) coupled with their linear interpolation
and extrapolation, the age and sedimentation rate of Unit 2 are estimated to be 9.1–
9.5 cal. kyrs. BP and 475 cm/ky, respectively. The sedimentation rate of Unit 1 is
10.5 cm/ka. Taking into account the grain-size distribution of the sediments of Unit
1, it is suggested that the sedimentation rate is decreasing to a certain extent upward
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Fig. 10.28 Age model and environmental evolution of sediment core BP00-23/7 (Levitan et al.,
2004)

the section. Assuming the radiocarbon age for boundary of units 3 and 4 at 10 cal.
kyrs. BP (Polyak et al., 2000, 2002; Stein, 2001), the sedimentation rate in Unit 3
is equal to ∼20 cm/ky. The sedimentation rate is unknown for Unit 4. Using data

Table 10.22 REE content (ppm) in sediments of the Yenisei marginal filter [Levitan et al., 2004]

Elements

Bottom sediments in Core
BP00-23/7

Trap basalts of the
Putoran Plateau,
Mokulaev formation
(Lightfoot et al., 1990)

Platform sedimentary
rock (Balashov, 1976)

Interval 0–80 cm
(n = 7)

Interval
370–400 cm
(n = 6)

La 30.0 17.3 6.9 35.5
Ce 56.1 32.0 16.5 67.0
Nd 23.2 13.2 11.2 33.0
Sm 6.53 3.3 3.21 6.7
Eu 1.19 0.47 1.11 1.24
Tb 0.95 0.62 0.65 1.0
Yb 2.28 2.86 2.36 2.95
Lu 0.37 0.25 0.36 0.45
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on water content and wet bulk density, mass accumulation rates of ∼8.2 g/cm2/ky
(Unit 1), 357.5 g/cm2/ky (Unit 2), and 20.6 g/cm2/ky (Unit 3) were calculated.

Sedimentation History

Based on the data described above, the basal section of Core BP00-23/7 includes
submarine delta-facies sediments accumulated in a fresh-water zone of the Yeni-
sei River about 11.3 cal. kyrs. BP (Unit 4). This interpretation is also supported
by the absence of benthic foraminifers in these sediments. In the present-day
sediments of the studied region, benthic foraminifers exactly disappear in the
submarine delta-facies sediments where the bottom water salinity reaches zero
(Khusid and Korsun, 1996). Based on the mineral and chemical composition,
the relatively coarse-grained fraction of the sediments of Unit 4 is primarily
composed of erosion products of the Putoran Plateau basalts and its weathering
crust.

Unit 3 includes the relatively fine-grained sediments of the proximal marginal-
filter zone (Levitan, 2001). The zero isohaline line of surface water existed in this
area at 11.3 cal. kyrs. BP. Subsequently, the salinity gradually increased to 4% at
about 9.5 cal. kyrs. BP. The hydrodynamic barrier in the mixing zone of active cur-
rents of the submarine delta with the calm sea-water mass resulted in the preferential
precipitation of the relatively coarse-grained fraction and mass accumulation rates
of ∼20.6 g/cm2/ky.

The depocenter formed in a few hundred years in the Yenisei Estuary area. A
large volume of clayey material contained in the water suspension of the mixing
zone settled to the seafloor. When the salinity of the surface water reached 5‰
approximately 9.4 cal. kyrs. BP, this material was supplemented with a large amount
of Fe, organic matter, and minor elements. During this period, i.e., the formation of
Unit 2, the mass accumulation rate reached very high values of 357.5 g/cm2/ky.
Such dramatic events could only be provoked by the vigorous and rapid increase
in Yenisei River discharge as a result of the Early Holocene warming (MacDonald
et al., 2000) and the consequent active degradation of the permafrost. Numerous
examples of high sedimentation rates in Early Holocene records from the Kara Sea
are described in (Polyak et al., 1997, 2000, 2002; Stein et al., 2002, 2003a, 2004).

After 9.1 cal. kyrs. BP the sedimentation rate drastically decreased mainly due
to the reduction of clay fractions. At the same time, the sediments were relatively
enriched in coarser fractions. Because the role of river run-off diminished, the silty–
sandy material delivery was mainly related to products of coastal abrasion of the
adjacent Taimyr Peninsula that was composed of Lower Paleozoic clastic-clayey
sediments of the greenstone facies (Geological structure of the USSR and regulari-
ties of mineral deposits distribution, 1984). Based on mineralogical data, a relative
increase of the contribution of river runoffs is only assumed for the uppermost inter-
val of Unit 1, the precise age of which is unknown. The mass accumulation rate of
Unit 1 is in average 8.2 g/cm2/ky, and the salinity of surface water in the studied
area has increased from ∼10 to 20‰.
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Distal sediments have an insignificant thickness in Core BP00–23/7. Therefore,
we cannot describe in detail the history of river discharges during the last 9.2 ka
for this area. However, results of the study of sediments in the adjacent sediment
core BP99–04/7 (Fig. 10.25) provide such an opportunity (Stein et al., 2002, 2003a,
2004; Polyakova and Stein, 2002, 2004). In this core, the boundary between the
proximal marginal-filter zone and depocenter is dated to 9.25 cal. kyrs. BP. The
significant attenuation of magnetic susceptibility, probably related to a decrease of
the concentration of ferromagnetic minerals delivered by erosion of the Putoran trap
basalts, was recorded at 8.74 cal. kyrs. BP (Stein et al., 2003a, 2004). The significant
decrease in sedimentation rate by a factor of 2 took place at 8.0 cal. kyrs. BP.

Sediment Core BP00–7/6

Core BP00–7/6 is located slightly north of Core BP00–23/7 in a sediment-filled
channel (Stein and Stepanets, 2001), one of the river valleys of the hydrographic
network of the old Yenisei River on the Kara Sea shelf (Fig. 10.25).

Lithology and Grain Size Composition

The studied core can be subdivided into the following lithostratigraphic units (from
top to bottom):

Unit 1: 0–510 cm. Silty clay with single clayey sediment interlayers (Fig. 10.29).
Dark olive-gray and dark gray sediments prevail in the 0–365 cm interval. Dark gray
and black sediments predominate in the lower interval. Sediments of the 0–25 cm
interval have a homogeneous structure. They are moderately or strongly bioturbated
in the lower interval. Hydrotroilite patches and coatings are universally developed
in the section. Bivalve shells were found at 237 and 270 cm. The sediments are
composed of clay minerals (50–75%), quartz (25–50%), and feldspars (5–10%).
The content of heavy minerals and rock fragments does not exceed 5%. Locally,
rock fragments may increase to 8–10% (e.g., at 49 cm), and plant remains were
found (e.g., at 325 and 430 cm). The content of benthic foraminifers is generally in
the range of 5–10% and decreases to 2–5% below 430 cm core depth.

The average grain-size distribution is rather monotonous and stable: sand fraction
2%, silt fraction 30%, and clay fraction 68%. Water content decreases from 70% at
the surface to 50% at the base of Unit 1. Intermediate maxima were recorded at 100,
200, and 350 cm core depth, and a prominent minimum was observed at 150 cm.
The wet bulk density inversely correlates with the water content and increases from
1.15 g/cm3 at the surface to 1.35 g/cm3 at the base. Wet bulk density fluctuations
are similar to those of the water content.

Unit 2: 510–665 cm. Dark gray and black silty-sandy clay with rare clayey sed-
iment interlayers and single sandy-silty clay strata (525 and 568 cm). The sedi-
ments are moderately to strongly bioturbated. Bivalve shells were found at 544 and
644 cm. The composition of the sediments is similar to that of Unit 1. The coarser-
grained interlayers, however, are depleted in clay minerals and enriched in rock and
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Fig. 10.29 Lithology and mineral composition of sediment core BP00-07/6 (Levitan et al., 2004).
I–II – lithostratigraphic horizons. Radiocarbon dates are shown by single arrows for sediment core
BP00-07/6 and double arrows for sediment core BP00-07/7 (Stein et al., 2002). See legend at
Fig. 10.26

heavy-mineral fragments. Plant remains are absent. The content of benthic
foraminifers is generally 2–5%, increasing to 5–10% only below 610 cm core depth.

The grain-size distribution is characterized by a strong variability typical of lay-
ered sediments. The composition of fine silt layers is approximately similar to that
in Unit 1. The coarser-grained variety is enriched in sand (up to 17%) and silt (up to
39%) and depleted in clay (51%). Both sand and silt fractions display an indepen-
dent distribution mode in the core. The water content decreases to 45% downward
the section with some fluctuations. The wet bulk density remains more or less at the
previous level and weakly responds to changes in the grain-size distribution.

Mineral Composition

The clay minerals are mainly represented by a kaolinite–chlorite–smectite–illite
assemblage (Fig. 10.29). The composition is as follows: smectite 21.6–45.2%
(average 30.5%), illite 28.5–50.4% (average 42.8%), kaolinite 8.0–14.9% (aver-
age 10.9%), and chlorite (12.9–21.2%) (average 15.8%). The average smectite/illite
and chlorite/kaolinite ratios are 0.7 and 1.5, respectively. The smectite/illite ratio
increases to values >1.0 at 195 and 600 cm and reaches a value of 0.9 at 45–110
and 405 cm. A minimum value of 0.4 is typical for the lower part of the core. In
general, the smectite/illite ratio is slightly higher in the interval 0–510 cm relative
to the underlying interval.
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The heavy-mineral composition shows a distinct trend of an up-section increase
of the pyroxene/epidote ratio (Fig. 10.29). Furthermore, this ratio is >0.8 at 650,
590, 500–520, 320, 145–210, 60, and 0–20 cm. In general, intervals of high
pyroxene/epidote ratios coincide with high smectite/illite ratios. Concentrations of
clinopyroxene, hydrotroilite, black ore minerals, titanite, and chlorite show a sim-
ilar although less distinct increasing trend. The epidote content decreases upward
the section. Sediments of Unit 2 are commonly enriched in aegirine-augite and rock
fragments relative to Unit 1, which is slightly enriched in tourmaline, Cr-spinel, and
volcanic glass. Other minerals are distributed irregularly.

Chemical Composition

The chemical composition of the sediments is characterized by a very low variabil-
ity within the whole sedimentary section. We can clearly identify the existence of
one single province and accumulation of chemical elements in similar constraints.
We have recognized two groups of elements that mainly differ in terms of the type
of material that absorbed the elements from seawater. Elements of the first group
(Sc, Co, Cr, Sb; La, Ce, Nd, and Sm) were absorbed by iron oxides and hydroxides.
Like Fe, these elements are characterized by a slight down-core decrease of concen-
trations (Fig. 10.30). The behavior of elements of the first group is retained in the
black sediments below 365–400 cm, but their amplitude of variation is less relative
to that in the overlaying gray sediments. Thus, the hydrotroilite content, which is

Fig. 10.30 Chemical composition of sediment core BP00-07/6 (Levitan et al., 2004)
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responsible for the black color, has a certain impact on the chemical composition
of the sediments. Elements of the second group (Th, U, Ba, Zr, Zn, Se, As; Eu,
Tb, Yb, and Lu) were mainly absorbed by clay minerals. Exactly this type of sor-
bent distribution was reported for rare earth elements by (Gurvich et al., 1980). In
general, these elements are characterized by a stable average value throughout the
section (Fig. 10.30), except for As and U. The As content drastically increases in
surface sediments, probably related to anthropogenic contamination (Siegel et al.,
2001a, 2001b). The U concentration is marked by rare maxima possibly related to
the presence of organic matter in individual interlayers (Fig. 10.30).

Sedimentation and Mass Accumulation Rates

Calculations of sedimentation rate in Core BP00–23/7 are based on the following
two assumptions. First, our observations revealed that the gravity corer probably
did not recover the uppermost 15 cm interval of fine clayey sediment. Therefore, the
thickness of the uppermost interval, for which sedimentation rates were calculated,
was increased by 15 cm. Second, the study of magnetic susceptibility of additional
cores recovered at the same station BP00–07 (Dittmers et al., 2001) revealed that the
sedimentary sections recovered at these cores can be correlated one to one. There-
fore, we assume that radiocarbon dates determined in Core BP00–07/7 (Stein et al.,
2003a, 2004) can be used for chronology and calculation of sedimentation rates
at our Core BP00-07/6 (Fig. 10.29). They showed that the sedimentation rate was
very high (789.5 cm/ky) at 8.1–7.9 cal. kyrs. BP (i.e., the time of Unit 2 accumu-
lation), resulting in a very high mass accumulation rate of 525.0 g/cm2/ky. These
extremely high values are based on the virtually same ages of sediments at 510 cm
(7.9 cal. kyrs. BP) and 645 cm (7.9 cal. kyrs. BP). If these ages are correct, this
requires a short-lived event of sediment supply (focusing) difficult to explain in this
shallow-water environment. Based on sediment accumulation data determined in
near-by cores, R. Stein et al. (2003a, 2004) suggest that the very high accumulation
rates in this area are caused by a marginal-filter setting, i.e., the marginal filter was
located more to the north at that Early Holocene time interval. M.A. Levitan et al.
(2004) propose that this event could be related to slump. Further data on well-dated
sediment cores are needed to solve this problem. After 7.9 cal. kyrs. BP, the sedi-
mentation and mass accumulation rates were in the range of 57.6–93.4 cm/ky and
31.6–47.6 g/cm2/ky, respectively, until 268 cal. yrs. BP when they increased again
to 171.6 cm/ky and 72.1 g/cm2/ky, respectively.

Sedimentation History

The Ob-Yenisei shallow-water zone, which hosts Station BP00–07/7, is a late Pleis-
tocene flooded alluvial plain. Its geological evolution during the late Pleistocene-
Holocene was mainly controlled by the global eustatic sea-level rise (Fairbanks,
1989) and the subordinate irregular supply from the Yenisei River runoff. The sea-
level rise promoted a successive southward migration of the coastal zone and the
consequent migration of the Yenisei marginal filter (Stein et al., 2003a, 2004).



History of Sedimentation 269

It is possible to identify the suspended matter discharge of the Yenisei River
based on indicators of fluvial materials in the sediments, such as wood remains
(Levitan, 2001) and high clinopyroxene/epidote and smectite/illite ratios as well as
high magnetic susceptibility values (Levitan et al., 1996; Dittmers et al., 2003; Stein
et al., 2003a, 2004). The heavy-mineral composition shows that the river impact is
best reflected in the clinopyroxene and iron hydroxide contents and, primarily, the
clinopyroxene/epidote ratio (Fig. 10.31). Based on plant remains and the mineral
composition of the sediments, river runoff was most prominent between 7.5 and 6.2
and between 3.3 and 2.4 cal. kyrs. BP. Correspondingly, runoff was reduced between
6.2 and 3.3 and between 2.4 and 1.4 cal. kyrs. BP. Based on the data from Core
BP00-07/7, it seems to be that during the last 1.4 cal. kyrs. BP, the Yenisei River
discharge began to increase again. In this context, however, it should be mentioned
that, based on the high-resolution record of Core BP99-04/7, R. Stein et al. (2004)
suggests a decreased Yensei River discharge during the last about 2.4 cal. kyrs. BP.
At present, river discharge is very significant and reflects the global warming in the
XX–XXI centuries.

Our data match the magnetic susceptibility (Stein et al., 2003a) as well as ostra-
cod and mollusk (Taldenkova et al., 2003) data from Core BP00–07/5. There is also
a partial correlation with the oxygen and carbon isotope data determined in ostra-
cod shells (Simstich et al., 2003), and a weak correlation with benthic foraminifer
data from this core (Ivanova, 2003). Interestingly, foraminifer data point at the same
time of Atlantic waters influence on the Kara Sea shelf as in Franz Victoria Trough
(Duplessy et al., 2005).

Fig. 10.31 Age distribution of clinopyroxenes, Fe-hydroxides, and clinopyroxene/epidote ratio in
sediment core BP00-07/6 (Levitan et al., 2004)



270 10 The Western Arctic Seas

The idea about slump origin of Unit 2 is supported not only by radiocarbon dat-
ings but also the lack of wet bulk density changes in this Unit and specific grain-size
and mineral composition.

Thus, the studied southern Kara Sea sediments accumulated during the last
7.9 cal. kyrs. BP in the course of the Holocene transgression. The transport of pelitic
particles from the surrounding seamounts by bottom currents and proportion of the
Yenisei River runoff that escaped the marginal filter, served as the main sources
of sedimentary material. As shown above, the relationship between these sources
repeatedly changed during the Holocene period. In general, the available data sug-
gest that the BP00–07/7 area remained beyond the marginal filter even during the
most active delivery of Yenisei material.

Sediment core DM–4401 described in (Polyak et al., 2002b) is located in a chan-
nel, a tributary of the Pro-Yenisei River, between sediment cores BP00–07/6 and
BP00-23/7 (Fig. 10.25). Our calculation of sedimentation rates and mass accu-
mulation rates for this core show that these parameters were equal to 26.7 cm/ky
and 22.6 g/cm2/ky, respectively, during the period from 0 to 3.27 cal. kyrs. BP;
17.2 cm/ky and 17.6 g/cm2/ky, respectively, during the period from 3.27 to 7.92 cal.
kyrs. BP; and 120.6 cm/ky and 106.1 g/cm2/ky, respectively, during the period from
7.92 to 8.28 cal. kyrs. BP. The latter rates probably continued down to about 9.4 cal.
kyrs. BP. The lowermost part of the section down to the base at 415 cm is composed
of coarser-grained sediments with very distinct features of river influence (high
clinopyroxene contents and clinopyroxene/epidote ratios, high concentrations of
plant remains and fresh-water diatom frustules, and light oxygen-isotope composi-
tion of benthic foraminifers). We assume higher sedimentation rates and a marginal-
filter setting for this portion.

Thus, we have recorded a strong influence of river runoff at Core DM–4401
during the early Holocene (until 9.4 cal. kyrs. BP?). All the data suggest that this
influence diminished during the period up to 7.2 cal. kyrs. BP and then slightly
increased up to the level of ∼1.5 cal. kyrs. BP. Data uppermost period are con-
tradictory. Data on heavy minerals indicate an appreciable decrease of the Yenisei
runoff contribution, while the diatom data suggest the contrary effect, i.e., increase
of the Yenisei contribution (see also (Polyakova and Stein, 2004; Stein et al., 2004)
for discussion). This may be caused by different mechanisms of transport of heavy
minerals on the one hand, and the diatoms, on the other hand. In the first case,
one can expect a preferential transport of heavy minerals in the nepheloid layer of
the bottom-water mass (Levitan et al., 1996); in the second case the preferential
transport took place in the surface water. This assumption is supported by our data
on Ni/Al ratios in the sediments of Core DM-4401. The Ni/Al ratio can be used
as facies indicator for Yenisei River runoff, as shown in surface sediments from the
Kara Sea including the Ob and Yenisei estuaries (Schoster and Stein, 1999; Schoster
et al., 2000) and primarily reflects the composition of the pelitic (clayey) frac-
tions mainly transported in surface waters. Based on these assumptions, we found
that the Ni/Al ratio is >12.4 x 10–4 in the sediments younger than 3.27 cal. kyrs.
BP and varies from 10.1 to 11.0 x 10–4 in the older sediments (down to the core
base).
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History of Holocene Sedimentation along the Yenisei Transect in the Southern
Kara Sea

The studied cores belong to two large facies zones of shelf sedimentation, i.e., the
mixing zone of fresh and sea waters in the Yenisei Estuary (Yenisei marginal filter)
and the old river valley of a tributary of the Pre-Yenisei River in the Ob-Yenisei
shallow-water zone. Based on our data, each of these facies zones is character-
ized by a specific Holocene sedimentation history (Levitan et al., 1996). We have
reconstructed the following historical–geological succession of submarine deltaic
sediments in the marginal filter area: proximal sediments, depocenter sediments
accumulated at avalanche rates, and distal sediments with contribution of coastal
abrasion products. The major portion of the geological body of the marginal fil-
ter in the study area was formed within a very short time span (9.5–9.1 cal.
kyrs. BP).

Based on various facies indicators (proxies), the following periods of strong
influence of river runoff in the northern Core BP00-07/6 area were identified: 7.5–
6.2, 3.3–2.4, and 1.4–0 cal. kyrs. BP. The basal core section probably represents a
part of the submarine slump (see discussion above).

In general, the Holocene sedimentation history of the southern Kara Sea is related
to synchronous processes of global eustatic sea-level rise (Fairbridge, 1989; Stein et
al., 2003a, 2004), subsidence compensated by sedimentation in the Yenisei marginal
filter (Gurevich, 1995), and fluctuating Yenisei River runoff. Concept of the variable
basin depth (Stein et al., 2002) suggests that the Atlantic Water did not penetrate the
study area.

The comparison of all available data on mass accumulation rate of fluvial mate-
rial of the Yenisei transect (see Fig. 10.25) reported by L. Polyak et al. (2002) and
R. Stein et al. (2002, 2003a, 2004) with data in the present research shows a north-
to-south rejuvenation trend of the marginal-filter (more precisely, its depocenter)
boundary with the overlying marine shelf sediments: 11.0 cal. kyrs. BP in Core
BP00–36/4, 9.8 cal. kyrs. BP in Core BP00–26/4, 9.4 (?) cal. kyrs. BP in Core DM–
4401, 9.1 cal. kyrs. BP in Core BP00–23/7, and 8.8 cal. kyrs. BP in Core BP00–
04/7 (sediments of cores BP00–07/5, BP00–07/6, and BP00–07/7 did not reach this
boundary?). This is caused by the southward Flandrian transgression related to the
global post-glacial eustatic sea-level rise. The transgression rate was approximately
146 km/ky (probably, up to several hundred km/ky) during the Early Holocene in
the northern Kara Sea and decreased to 22 km/ky during the later period (within
the present-day marginal filter zone). This difference in transgression rate could be
linked to the deepening of the northern areas of the Barents and Kara seas during
the deglaciation and Early Holocene as a result of glacio-isostasy (Lubinskii et al.,
2001). The southern Kara Sea did not undergo such deepening. At the same time,
the differences can also be explained by a higher rise rate of the global sea level
between 11.0 and 9.5 cal. kyrs. BP relative to the time interval of 9.5–8.0 cal. kyrs.
BP (Fairbanks, 1989). We believe that the latter reason is more probable, because
this process is global. However, one cannot rule out the simultaneous impact of both
factors.
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The subsequent fluctuations of the Yenisei River runoff were commonly char-
acterized by one or more order of magnitude lower relative to the Early Holocene
ones. Depending on the nature and mechanism of transport, various indicators of
fluvial material indicate different periods of intensification or attenuation of Yenisei
River runoff in each of the studied cores.

Holocene History of Ob River Discharge

Ob River discharge makes up to more than 12% of the modern annual total river
discharge into the Arctic Ocean (Gordeev et al., 1996). Its Holocene history has
not been discussed yet in scientific publications. Here, we present some new results
related to the Ob River discharge and obtained within the Russian-German Kara Sea
Project “SIRRO” ((Stein et al., 2003b) for background).

Materials and Methods

This study is mainly based on sedimentological, geochemical, and micropaleon-
tological investigations of two sediment cores (BP03-07 and BP03-19) recovered
and described during the 2003 cruise of R/V Academik Boris Petrov (Schoster and
Levitan, 2004). These cores were located to the north of the mixing zone of fresh
and sea water in a submerged river valleys of the Proto-Ob River (facies zone C4
according to (Levitan et al., 2005a)) along a submeridional Ob transect, which was
already studied during cruise 49 of the R/V Dmitry Mendeleev in 1993 (Levitan et
al., 1994). Data on the location of the two sediment cores are given in Table 10.23
and Fig. 10.32. Furthermore, data on sediment Core DM 4397 located further to the
north along the same transect (facies zone D1, according to (Levitan et al., 2005a))
and used for comparison with the new cores, are shown as well. The data from the
Ob cores are discussed later together with some cores from the Yenisei River tran-
sect (see below).

The selection of sites for sediment coring from R/V Academik Boris Petrov was
performed using a new parametric ATLAS PARASOUND III seismo-acoustic sys-
tem, which was subjected to certification tests (Dittmers and Schoster, 2004). A
sequence of finely stratified sediments was detected in the PARASOUND profiles
at both sites, reaching up to 4 m at Station BP03-07 and up to 9.5 m at Station
BP03-19.

The lithology of bottom sediments was described by M.A. Levitan and
V.V. Krupskaya (Levitan et al., 2004; Schoster and Levitan, 2004). Physical

Table 10.23 Location of studied sediment cores of the Ob River transect

Sediment core Northern Latitude Eastern Longitude Water depth, m Core length, cm

BP03-19 73◦59,99′ 73◦07,81′ 34 672
BP03-07 75◦33,61′ 73◦07,64′ 108 390
DM-4397 76◦00,00′ 72◦02,30′ 150 384



History of Sedimentation 273

Fig. 10.32 Map of the study area of the “Academik Boris Petrov” Expedition 2001 in the inner
Kara Sea and Ob and Yenisei estuaries, presenting locations of sampling sites and sediment echo-
graph profiles (Stein and Stepanets, 2002). Based on the profiling results, the extent of the south-
eastern margin of the Last Glacial Maximum (LGM) ice sheet and the LGM paleo-river channels
were reconstructed (from (Stein et al., 2002)). Further sediment cores from the Ob Transect inves-
tigated in this study, were added. 1 – geophysical lines; 2, 3 – sediment cores: 2 – with radiocarbon
dates, 3 – without age determination; 4 – paleo-Ob valley; 5– 7 – land: 5 – 11 ka ago, 6 – 9 ka ago,
7 – recent

properties were investigated by L.N. Vlasova, and mollusk shells were identified
by E.A. Frolova (Levitan et al., 2004). Grain-size, chemical, and radiocarbon anal-
yses were carried out at onshore laboratories. The sand-silt and silt–clay boundaries
were taken to be 0.05 and 0.005 mm, respectively.

Table 10.24 Results of the radiocarbon analysis of mollusk shells

Lab no. Sample No.
Radiocarbon
age, years

Corrected age,
years

Calendar age,
cal. yrs. BP Mollusk species

Poz–11062 BP03–07/248 cm 8990±40 8550 8985 Yoldia hyperborea
Poz–11063 BP03–07/44 cm 6010±40 5570 5925 Macoma moesta
Poz–11064 BP03–19/108 cm 595±30 155 recent Macoma moesta
Poz–11065 BP03–19/440 cm 8250±50 7810 8290 Musculus niger
Poz–12677 BP03–19/143 cm 595±30 155 recent Portlandia arctica
Poz–12678 BP03–19/608 cm 8560±50 8120 8580 Portlandia arctica
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Six shells of marine bivalve mollusks were analyzed at the Poznan Radiocar-
bon Laboratory (Poland) by accelerator mass spectrometry under the supervision
of T. Goslar. The results are listed in Table 10.24. As reservoir age, 440 years
were used, and the AMS 14C ages were transferred into calendar years according to
(Stuiver et al., 1998).

Sediment Core BP03-19

The core consists of two lithostratigraphic units.
Unit I. The interval of 0–152 cm is composed of fine clayey mud (in average

<10% sand and <15% silt), occasionally with fine-grained sand lenses of 0.5–
1.0 cm thickness, and a 12 cm thick layer of silty-sandy clay at the base (Fig. 10.33).
The uppermost 0.5 cm thick layer shows a dark olive brown color, whereas very
dark gray or, occasionally, dark olive gray colors are predominant in the deeper lay-
ers. Intact shells of bivalves were encountered at levels of 10 and 108 cm. Black

Fig. 10.33 Lithology and age of sediment core BP03-19 (Levitan et al., 2007c). 1 – clayey mud;
2 – silt; 3 – silty clay; 4 – clay with silt admixture; 5 – sandy clays; 6 – bioturbation; 7 – bivalve
mollusk shells
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spots, streaks, and lenses of hydrotroilite were found below 12 cm. Accumulation
of hydrotroilite sometimes caused the black color of the sediment. Moderate biotur-
bation, more intense below 100 cm, was typical. The water content is 55–65% in
the upper 100 cm and decreases abruptly at deeper levels to 22% at the boundary to
the underlaying Unit II (Fig. 10.26). The wet bulk density increases gradually from
1.28 g/cm3 to 1.40 g/cm3 at 125 cm and, then, increases abruptly up to 1.70 g/cm3

(Levitan et al., 2004). Such a distribution of physical properties may suggest a hia-
tus at the boundary between the two lithological units, which is represented by a
weakly developed hardground.

Unit II. The interval of 152–672 cm is dominated by dark gray and black clayey
mud layers, with subordinate layers and lenses of silty-clayey muds and silty-sandy
or sandy-silty clays of the same color (Fig. 10.26). The coarser units are usually no
more than a few centimeters thick. The clayey muds usually contain <10% sand and
8 to 22% silt. The sediments enriched in silty and sandy fractions contain 11–34%
sand and 18–33% silt (Fig. 10.26). Bivalve shells occur throughout the entire sec-
tion. At a level of 605–608 cm, an extensive accumulation of Portlandia arctica with
detritus and shells of the gastropod Criptonatica sp. was found. The most extensive
bioturbation and diagenetic mottling resulting from the development of hydrotroilite
aggregates, were described in the interval between 150 and 385 cm. The lower part
of the horizon (below 343 cm) displays the development of a distinct fine-layered
structure composed of lithological varieties with different shades of gray and black
colors, massive or bioturbated structures, and finer or coarser structures. On average,
the water content varies around 40% (from 30% in the coarsest sediments to 50%
in the finest clayey muds) (Fig. 10.26), and the average wet bulk density is about
1.60 g/cm3 (ranging from 2.00 g/cm3 in layers enriched in silty and sandy fractions
to 1.40 g/cm3 in clayey muds).

Chemical Composition

The chemical composition of the two units is strongly different. Unit I is enriched
in Na, Mn, Al, Fe, P, and Ba, but depleted in Si, Ca, Ti, S, Rb, Sr, and Zr compared
to Unit II (Fig. 10.34). In general, the chemical composition of Unit I resembles
the composition of modern facies C4 (filling the channels of an old river network)
(Levitan et al., 2005a). Unit II shows a complex relationship of features observed in
the modern facies of the rivers (Na, Cr, Mn, Fe, V, Co, and Ni) and mixing zones (P,
to some extent, Si, Al, and Ba). The correlation analysis of various oxides, elements,
and grain-size fractions (Tables 10.25, 10.26 and 10.27) allowed us to distinguish
the following associations in Unit I at a confidence level of 95%: (1) Na2O and S
confined to the 0.50–0.25 mm fraction (i.e., sulfide sulfur and sodium from plagio-
clases are predominant); (2) MgO, A1203, P2O3, K2O, TiO2, Cr2O3, MnO, FeO, V,
and, to some extent, Ni confined to the subcolloidal fraction; and (3) SiO2, CaO, Rb,
Sr, and Ba confined to the sand and 0.05–0.01 mm fractions. These correlations are
less obvious in Unit II, where the following associations were observed: (1) Na2O,
K2O, Ni, and Ba confined to sands; (2) MgO, A1203, TiO2, MnO, FeO, P2O3, S, and
V confined to the subcolloidal fraction; (3) SiO2, CaO, Rb, Sr, Zr, and Ba confined
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Fig. 10.34 Distribution of chemical elements in sediment core BP03-19 (Levitan et al., 2007c)

to sands and silts (Sr significantly substitutes for Ca in large fragments of mollusk
shells); and (4) Cr2O3 confined to the <0.001 mm fraction.

The available radiocarbon datings (Table 10.23) show that Unit I was most likely
accumulated relatively recently as a result of a submarine slumping. Between 440
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Fig. 10.35 Age distribution of quartz and K2O/Al2O3 ratio in sediment core BP03-19 (Levitan
et al., 2007c)

and 608 cm, the sedimentation rate was 569 cm/ka, which is within the range of
modern sedimentation rates in the depocenter of the mixing zone of fresh and sea
waters in the southern Kara Sea (Levitan et al., 2005a). The average mass accumula-
tion rate of sediments in Unit II is 546 g/cm2/ky. Extrapolation of the sedimentation
rate yields an age of 7.79 cal. kyrs. BP for the upper boundary of the second layer,
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8.69 cal. kyrs. BP for the base of Unit II, and 9.18 cal. kyrs. BP for the start of
sediment filling of the channel (based on PARASOUND profiling, the thickness of
filling was estimated to be about 9.5 m). Taking into account that there was a certain
time lag between the beginning of channel incision by river currents and the begin-
ning of its sedimentary filling, the initial accumulation of the river valley (channel)
may have started at about 11–10 cal. kyrs. BP.

According to K. Dittmers (2006), (probably all) paleochannels of the meander
system in the southern part of the Kara Sea were developed during Last Glacial
Maximum, and (partly) filled with sediments after 15 cal. kyrs. BP. There seems to
be a considerable hiatus between the age of the end of meandering/channel incision
and the age of the basal sediments. This hypothesis, however, has still to be proven
by direct evidence from well-dated sediment cores.

Smear slides revealed that the sediments are almost free of remains of siliceous
organisms and, consequently, of biogenic opal (Levitan et al., 2004). As previously
shown by M. Levitan et al. (1998), the Ob River is a major source of quartz and
potassium feldspars in the sediments of the Kara Sea. It is reasonable to suppose
that the SiO2/Al2O3 ratio as well as the quartz content, calculated after E. Gurvich
(Levitan et al., 1998) as SiO2 – 2.55 A12O3, are indicators of the sediment discharge
by the Ob River. For potassium feldspars K2O/Al2O3 ratio has the same significance.
K/Al and Rb/Al ratios are the good proxies of Ob riverine discharge (Schoster and
Stein, 1999).

Figure 10.35 shows the distribution of quartz content and K2O/A12O3 in Unit II
of the core. It is obvious that this ratio decreases upward the section from about 8.7
to 8.2 cal. kyrs. BP, which can be related to a decrease of riverine sediment input.
This trend includes several periods of maximum sediment input by the Ob River at
7.85, 8.12, 8.42, 8.5, 8.58, 8.62, and 8.68 cal. kyrs. BP.

Sediment Core BP03-07

Lithostratigraphy

Core BP03-07 consists of one lithological unit. This unit is presented by interca-
lated sandy-silty and silty-sandy clays with rare fine lenses and layers of silty sand
(with sand and silt contents of about 30 and 20%, respectively). The content of clay
fraction generally ranges between 40 and 60%; occasionally some higher occurs
(Fig. 10.36). The uppermost centimeters are composed of dark brown sediments,
whereas the rest of the section is dominated by olive gray and dark olive gray col-
ors. Polychaets were found in the upper 30 cm. Detritus of mollusk shells (bivalves
and, occasionally, gastropods) occurs throughout the entire section down to 390 cm,
whereas intact shells are more rare. It is interesting to note that the shells of Yoldia
hyperborea which lives in the upper sub-littoral zone in water depths <20 m (data
E.A. Frolova (Levitan et al., 2004)) were only found between 200 cm and the base
of the core. Hydrotroilite and relatively strong bioturbation were determined down
to a core depth of 85 cm but not below this level. A hydrogen sulfide odor was
noted below 150 cm core depth. Within the interval 175–320 cm, single crystals
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Fig. 10.36 Lithology and age of sediment core BP03-07 (Levitan et al., 2007c). 1 – silty clay; 2 –
clay with silt admixture; 3 – sandy clays; 4 – bioturbation; 5 – ikaite; 6 – bivalve mollusk shells

and aggregates (up to 10 cm long) of ikaite of brown and honey-yellow colors were
detected at levels of 175, 191, 199, 260–270, 280–285, 300–305, 315, and 320 cm.
Ikaite was repeatedly described in sediment cores from the Yenisei transect (Levi-
tan et al., 1994; Kodina et al., 2003), but this is the first finding of ikaites in the Ob
transect. In general, the number of coarser-grained layers is increasing downward in
the section.

Chemical Composition

Most major elements (Na, Mg, Al, Si, P, Ti, Fe, and Co) in the sediments correspond
to those of modern river sediments and show some similarity to the proximal sub-
facies of the mixing zone (Levitan et al., 2005a). A number of elements (K, Mn,
Fe, Zr, and Ba) display a more complex distribution. The concentrations of S and
Sr are unexpectedly high, whereas those of Ni and Rb are very low. Correlation
analysis (Table 10.27) revealed in principle the same element associations as in
Core BP03-19. The following associations can be reliably distinguished: (1) MgO,
A12O3, K2O, TiO2, FeO, MnO, V, and Ni confined to two grain-size fractions, i.e.,
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Fig. 10.37 Distribution of chemical elements in sediment core BP03-07 (Levitan et al., 2007c)

the 0.005–0.001 mm fraction and (for Fe) the sandy-silty fraction; (2) SiO2, Sr,
Zr, Ba, and Rb confined to the 0.1–0.05 mm fraction; (3) P2O5 partly correlating
with TiO2 and MnO; and (4) CaO, Cr2O3, and S showing no correlation with other
elements; sulfur is definitely confined to the subcolloidal fraction.

In agreement with the lithologies distribution, the concentrations of most ele-
ments correlated with the sandy-silty fraction (for instance, SiO2 and Ba), and the
SiO2/Al2O3 ratio increases from top to bottom of the section (Fig. 10.37). This trend
becomes obvious at different depths for different elements (for example, at 125 cm
for Si, at 115 cm for Sr, and at 305 cm for Zr). The enrichment of sulfur downward
in the section is probably related to the parallel increase in TOC.

The available radiocarbon ages allowed to calculate the average sedimentation
rate as 67 cm/ky. The average sediment mass accumulation rate is 94 g/cm2/ky. An
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Fig. 10.38 Age distribution of quartz and K2O/Al2O3 ratio in sediment core BP03-07 (Levitan
et al., 2007c)

age of 5.27 cal. kyrs. BP was obtained for the top of the section, 11.1 cal. kyrs. BP
for the base of the section, and 11.25 cal. kyrs. BP for the oldest sediments of the
channel. Thus, the ages of the generation of Pro-Ob channels are approximately the
same at the two stations and correspond to the beginning of the Holocene.

An irregular increase in the quartz content with increasing sediment age is clearly
obvious from Fig. 10.38. The peaks of K2O/Al2O3 practically coincide with quartz
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peaks, although the trend of increase in this ratio downward in the section is much
less pronounced than that for quartz.

Based on the K2O/Al2O3 ratios and quartz contents, the following periods of
maximum sediment discharge by the Ob River can be distinguished: 6.5, 7.2, 8.3,
9.6, 9.8–10.0, and 10.3–10.7 cal. kyrs. BP (Fig. 10.38; remember that only the lower
part of the Holocene was represented by the sediment core). The first two maxima
of Ob discharge correspond to the periods of elevated Yenisei discharge at 7.5–
6.2 cal. kyrs. BP, whereas those older than 7.9 cal. kyrs. BP and, especially, older
than 9.4 cal. kyrs. BP correspond to the maximum sediment discharge (Levitan et al.,
2004).

If compare the maxima of river discharge recorded in cores BP03-07 and BP03-
19, it becomes obvious that the values are much higher in Core BP03-19, resulting in
a much higher time resolution between samples. The time period between adjacent
maxima of sediment discharge may be several tens to several hundreds of years.
Considering the sampling density and lithological description, especially for the
lower part of Unit II Core BP03-19, some of the maxima may even only be a few
years apart.

In the diagram of hydrolysate module (A12O3 + TiO2 + Fe2O3 + FeO +
MnO)/SiO2 (HM) versus TA – total alkalinity (Na2O + K2O) (Fig. 10.39; for back-
ground of approach see (Yudovich and Ketris, 2000)), the sediments of both litho-
logical units I and II at Core BP03-19 show identical HM values (from 0.25 to 0.50)
mainly corresponding to normal hydrolysate and, in part, low hydrolysate siallites
(i.e., silty-clay sediments and clayey silts). The sediments of Core BP03-07 show
HM values from 0.2 to 0.3 corresponding to miosilites (in our case, clayey-detrital
rocks enriched in quartz). The sediments are even more clearly distinguished by TA
values, which increase from Unit II of Core BP03-19, through Core BP03-07, to

Fig. 10.39 Correlation diagram of HM-TA (see text for explanation) for sediments of the Ob
Transect which allows to separate sediments belonging to different facies (Levitan et al., 2007c).
1 – upper unit of core BP03-19; 2 – lower unit of core BP03-19; 3 – core BP03-07
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Table 10.28 Chemical composition (wt. %) of sediment cores of Ob River transect

Note: Maximum and minimum values are shown in the numerator, average – in denumerator; n –
number of samples.

Unit I of Core BP03-19 (Fig. 10.39). This trend is interpreted here as a reflection
of the facies transition from a marginal filter environment through a marine-fluvial
environment to a fully marine environments (with a seaward increase in the mobil-
ity of alkalis, especially Na, during geochemical differentiation). The established
chemical features can be clearly illustrated by comparing the average compositions
of the two units of Core BP03-19 and Core BP03-07 sediments (Table 10.28).

Sediment Core DM-4397

Core DM-4397 was recovered not far to the north of Core BP03-07 (Table 10.23)
on the slope of the Ob-Yenisei Shoal and is related to the facies zone D1 of the outer
shelf (Levitan et al., 2005a). The lithology was described in (Levitan et al., 1994);
and the data on benthic foraminifers, mineral composition, oxygen and carbon iso-
topes of calcareous foraminifers, and two radiocarbon datings were published in
(Polyak et al., 2002b). L.L. Demina et al. (2006) described the distribution of bulk
concentrations and speciation of Fe, Mn, Zn, Cu, Co, Cr, Ni, and Pb in Core DM
4397.

Two main lithostratigraphic units, 0–190 cm (Unit I) and 190–384 cm (Unit II),
can be distinguished. Unit I is composed of olive gray (except for the oxidized upper
brown layer) marine silty-clayey (0–70 cm) and clayey (70–190 cm) mud with char-
acteristic bioturbation structures and hydrotroilite streaks. Unit II consists of green-
ish gray silty-clayey mud with layers of black silt and silty sands in the middle part
(250–280 cm) and pebble massive sands at the base of the unit. A bivalve shell was
found at a depth of 275 cm.
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The total number of benthic carbonate foraminifers increases downward from
0 to 40 per gram of sediment, then decreases abruptly at a depth of 235 cm to
10 individuals per gram, increases again to 40 at 260 cm, and declines to zero at
the base of the sediment core. The number of marine forms proper (C. reniforme)
increases upward from the bottom of the section to 240 cm core depth, whereas the
number of forms living in the zone of mixing of fresh and sea waters (E. clava-
tum) decreases toward 190 cm core depth. The oxygen isotopes of E. clavatum
tests become enriched at 160 cm downward, especially from a depth >210 cm,
whereas the carbon-isotope composition becomes heavier in the same direction,
especially below 230 cm core depth. The content of clinopyroxene increases sig-
nificantly below 230 cm core depth. In general, the sediments show a downward
increase in the bulk content of Fe, Zn, Cu, Co, Cr, and, to some extent, Pb starting
in average at about 190 cm.

At 190 cm and 280 cm core depth, ages determined on mixed foraminifer assem-
blages, are 8.15 cal. kyrs. BP and 9.8 cal. kyrs. BP, respectively. Thus, the age of
the boundary between the marine horizon and the horizon showing significant river
influence, is 8.15 cal. kyrs. BP. The calculated sedimentation rates are 23.3 cm/ky for
Unit I (assuming that the section terminated by modern sediments was not disturbed)
and 54.4 cm/ky for Unit II. The lower 4 cm of the core are probably composed of
purely riverine sediments (as suggested from lithology and the complete absence of
foraminifers). Then, the age of their top is approximately 11.6 cal. kyrs. BP, which
approximately corresponds to the base of the Holocene (similar to the two sediment
cores described above). Thus, river influence decreases regularly from bottom to top
in the section, approximately to the level of 8.15 cal. kyrs. BP. The sediment dis-
charge of the Ob increased definitely only within the interval 9.25–9.80 cal. kyrs.
BP. This is in agreement with the data from Core BP03-07 and the sediment dis-
charge of the Yenisei River.

Discussion

Based on the data described above, we can make some important conclusions related
to the history of the sediment discharge of the Ob. First, the cores described here
probably represent sediments from a single channel of the Proto-Ob, which origi-
nated at the Pleistocene-Holocene boundary. This suggestion is in agreement with
data from core BP00-38, which was recovered north of the zone of mixing of Ob
and sea waters and for which three radiocarbon age determinations were published
(Stein et al., 2003a, 2004). Second, the geochemistry of Early Holocene sediments
provides compelling evidence that the sediments of the zone of mixing of fresh and
sea waters are replaced from south to north along the Ob transect by marine-fluvial
and fluvial-marine facies. Third, it should be noted that marine-fluvial sedimenta-
tion ceased in the channel of this river during the Middle Holocene. Taking into
account that similar processes in the northern part of the Ob-Yenisei Shoal were
related to the channels of the Proto-Yenisei (cores BP00-36/4 and BP01-39/2; (Stein
et al., 2003a)), it can be supposed that the Middle Holocene glacio-isostatic uplift of
the crustal segments that were covered during the Late Valday (Late Weichselian)
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by the Kara Sea Ice Sheet (Stein et al., 2002) may have also affected part of the
adjoining regions of the Ob-Yenisei Shoal. Fourth, there is a quite clear trend of
decreasing river influence during the early Holocene, probably markedly disturbed
during the stage of 9.80–9.25 cal. kyrs. BP. Fifth, there are arguments to suggest that
the Ob and Yenisei underwent similar histories of changes in river discharge during
the Holocene, not surprisingly because their watersheds are located in very similar
climatic conditions.

Noteworthy are the results by K.V. Kremenetski et al. (2003) on the timing of the
beginning of peat bog accumulation in West Siberia. These authors used statistical
data on radiocarbon dating of peats and correlated the main peak in the intensity of
accumulation with the period from 11 to 7 cal. kyrs. BP (with a maximum at 10 cal.
kyrs. BP). It should be noted that this age interval is also close to the period of
maximum sediment discharge by the Yenisei and elevated discharge of river material
through the channel of the Proto-Ob. This similarity could be related to the elevated
humidity caused primarily by intense thawing of permafrost in the watershed areas
(Kremenetski et al., 2003).

Therefore, it is probable that diagenetic processes of ikaite crystallization, which
were described in detail by (Kodina et al., 2003), were related to Lower Holocene
sediments formed in paleo-river channels just northward from mixing zones of fresh
and sea water with sedimentation rates ca. dozens cm/ky, strongly influenced by
river discharge in paleochannels.



Chapter 11
Eastern Arctic Seas

The East-Arctic seas include the Laptev Sea, the East Siberian Sea and the Chukchi
Sea. All three marginal seas are characterized by the following features: severe ice
regime, shallow water depths of relatively flat bottom in which channels of a paleo-
hydrological network were developed, absence of glacial ice sheets during the last
climatic cycle, and well-expressed distribution of permafrost in the southern part of
the seas. The Laptev Sea is separated from the Kara Sea by the Severnaya Zemlya
Archipelago, and from the East Siberian Sea by the Novosibirsk Islands. The East
Siberian Sea is separated from the Chukchi Sea by Wrangel Island and is connected
with the Bering Sea through the Bering Strait.

Recent Sedimentation Environment

The Laptev Sea

The sea ice is present year-round in the Laptev Sea, except polynyas and the delta
of the Lena River. The sea has a size of 498 thousand km2, a volume of 24 thou-
sand km3, and an average water depth of only 48 m (Jakobsson et al., 2004).
Annual riverine freshwater discharge is 738 km3, from which 523 km3 are dis-
charged by the Lena River. Suspended-matter supply by the rivers reaches 28.6
million t/yr (Gordeev and Rachold, 2004). Coastal abrasion supply of sedimentary
material equals 58.4 million t/yr in the Laptev Sea (Grigorjev et al., 2004), and an
eolian delivery is 0.298 million t/yr (Shevchenko and Lisitzin, 2004). The Laptev
Sea is the most important Arctic sea in terms of sea-ice delivery into the Arctic
Ocean, reaching about 670 km3/yr (Eicken, 2004). Average primary production is
the lowest one among the Arctic seas and composes 25–40 g of C/m2/yr (Sakshaug,
2004).

During summer times, winds of northern directions predominate. The tide and
tidal fluctuations of sea level, together with active wave activity, contribute to active
litho-hydrodynamics of recent sedimentation, to the displacement of fine pelite
material, supplied by rivers, and also, with coastal abrasion, to the accumulation
of bars and sandbars (Axenov et al., 1987). Despite the very monotonous grain-size
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composition of the clayey silts, in which the content of the <0.001 mm fraction may
exceed 70%, the mineral composition of recent sediments in the western and eastern
parts of the sea is various. The Khatanga River flowing into the western part of the
sea, drains the Putoran Plateau, composed by Permian-Triassic basalts (Explanatory
note to tectonic map of the Barents and Kara Seas, 1998). Thus, the sediments of the
western part of the Laptev Sea are characterized by the increased content of black
ore minerals, clinopyroxenes, and smectite. Garnet is supplied by the Anabar River,
which drains the Anabar crystalline massif (Behrends et al., 1999; Peregovich et al.,
1999). The rivers Lena, Omoloy, Jana that mainly drain the Verkhoyanskiy sedi-
mentary complex and supply minerals such as amphiboles, illite and chlorite, flow
into the central and eastern part of the sea.

Thus, surface sediments from the eastern Laptev Sea have a very different miner-
alogical signature in comparison to the western Laptev Sea (Behrends et al., 1999;
Peregovich et al., 1999; Rossak et al., 1999; Stein and Korolev, 1994), and miner-
alogical proxies can be used to distinguish between sea-ice sediments transported in
the Polar and Siberian branches of the Transpolar Drift, originating from the eastern
and western Laptev Sea, respectively (e.g., (Dethleff et al., 2000)).

The East Siberian Sea

By its climatic and ice conditions the East Siberian Sea is considered to be the most
severe of all Eurasian marginal seas. The East Siberian Sea has a size of 987 thou-
sand km2, a volume of 57 thousand km3, and an average water depth of only 58 m
(Jakobsson et al., 2004). Annual riverine freshwater discharge is about 233 km3,
from which 122 km3 are discharged by the Kolyma River. Suspended-matter sup-
ply reaches about 25.15 million t/yr (Gordeev and Rachold, 2004). Annual coastal
abrasion input of sedimentary material into the East Siberian Sea is 66.5 million
t (Grigorjev et al., 2004). Eolian delivery gives 0.589 million t/yr (Shevchenko
and Lisitsin, 2004). 150 km3/yr of ice enters from the basin into the central Arc-
tic (Eicken, 2004). Primary production is similar to that determined for the Laptev
Sea (Sakshaug, 2004).

The bottom of the sea is covered by fine-grained sediments as in the Laptev Sea.
The flooded channels of rivers like Kolyma, Indigirka and smaller ones play a sig-
nificant role in bathymetry of the East Siberian Sea. They are covered by the finest
clayey silts, which may contain up to 60–70% of clay (Naugler, 1967). The com-
position of heavy-mineral associations is sufficiently uniform: amphiboles, clinopy-
roxenes, and epidote, garnet prevail (in these estimates by (Naugler, 1967) the black
ore are excluded from the calculation). Near the Novosibirsk Islands and in the
extensions of the Indigirka River, garnet and zircon play a relatively important role,
and in the extensions of the Kolyma River the increased content of clinopyroxenes
is observed. Toward the east, orthopyroxene becomes dominant.

The association of apatite and tourmaline seems to be typical for Indigirka River
input. Near Wrangel Island an increased quantity of epidote and garnet is described
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(Naugler, 1967). Among the light minerals quartz, potassium feldspar and plagio-
clases prevail (they are listed in decreasing order). The content of plagioclases in
the recent sediments slightly increases to the east from the mouth of the Kolyma
River, which indicates an increase of basic rock input. Among the clay minerals, a
chlorite-illite association absolutely predominates (Naugler, 1967).

The Chukchi Sea

In the bottom relief of the Chukchi Sea noticeably differs from the other two East-
Arctic seas. In the outer shelf and in the upper part of the continental slope there
is a unique morphostructure, the Northwind Ridge, a marginal plateau. In total, the
Chukchi Sea has an area of about 620 thousand km2, a volume of about 50 thou-
sand km3, and an average water depth of 80 m (Jakobsson et al., 2004). Annual
river discharge into the sea (without Alaska) equals 20.4 km3 and suspended-matter
discharge reaches 0.7 million t/yr (Gordeev and Rachold, 2004).

Annual coastal abrasion supply of solid sedimentary material is about 70 million
t (Grigorjev et al., 2004). Eolian sediment supply is no more than 0.371 million
t/yr (Shevchenko and Lisitsin, 2004). The export of sea ice into the Arctic Ocean is
<20 km3/yr (Eicken, 2004). Lowered formation and export of sea ice and increased
summer sea-surface temperature (Pavlidis, 1982), and related increased primary
production (from 20 to >400 g C/m2/yr) (Sakshaug, 2004), are caused by the inflow
of warm, saline and nutrient-rich Pacific Ocean water, entering through the Bering
Strait. This also results in the development of large areas of recent diatom-bearing
(14% of biogenic opal) silts in the central (deep-water) part of the Chukchi Sea, a
unique phenomenon for the Arctic Ocean (Pavlidis, 1982).

Besides the diatom-bearing silts, a wide variety of lithotypes is observed in sur-
face sediments of the Chukchi Sea (Fig. 11.1), caused by both regional special fea-
tures of bottom relief and hydrodynamic particularities (Pavlidis, 1982). Here, the
presence of channels such as the Chukchi Trough and the paleo-Hope valley is worth
noting. Well-sorted sands with a predominance of the fine-sand fraction were devel-
oped in the accumulation areas of the inner shelf (to water depths of 35–40 m). The
gravel-pebble badly sorted sediments with noticeable admixture of coarse-grained
sand prevail in the abrasion areas. The clayey muds predominate in the central and
outer parts of the shelf. The banks located here, for example the Herald Bank, are
covered with sands.

The composition of clay minerals is sufficiently uniform: illite comprises >60%,
chlorite varies between 10 and 20%, and kaolinite and smectite do not reach >10%
of the <2 mkm fraction (Wahsner et al., 1999).

History of Sedimentation

The history of sedimentation of the East-Arctic seas has been studied extremely
unevenly. The Laptev Sea was intensively investigated, especially within a major
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Fig. 11.1 Distribution of biogenic opal (wt. %) in surface sediments of the Chukchi Sea (Pavlidis,
1982). 1 – <1; 2 – 1–5; 3 – 5–10; 4 – >10

joint Russian-German research project, i.e., the “Geo-system Laptev Sea” project
(Kassens et al., 1999). In the East Siberian Sea, on the other hand, no detailed data
on sediment cores are available at all. For the Chukchi Sea, only discontinuous
records on the history of shelf sedimentation, which are mainly based on foraminifer
analysis, are known (Saidova, 1982).

History of Sedimentation in the Laptev Sea During the Late
Weichselian to Holocene by Geophysical and Geochemical Data

Geophysical Data

In the latest reconstructions of the largest glaciations in northern Eurasia, including
the shelf sea areas (Svendsen et al., 2004), most scientists supports the view about
the absence of a marine ice sheet in the Laptev Sea, the local development of glacial
cupolas on the islands of Severnaya Zemlya, and a restricted mountain-valley glacia-
tion in the Central Taimyr during the Late Weichselian. The wide development of
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cryogenic complexes with vein ice (“edoma”) in the south of the Laptev Sea and
its coastal areas indicates the presence of extensive alluvial-lake plains with active
participation of eolian material during MIS 2 and also rejects the assumption about
the development of a major ice sheet in the area of the Laptev Sea at this time
(Arkhipov, 2000).

Parasound geophysical studies (4 kHz) in the region of Severnaya Zemlya, Vilk-
itsky Strait, the Khatanga-Anabar depression and on the western continental slope
of the Laptev Sea allowed to obtain important data about the development of the
region during the last climatic cycle (Kleiber et al., 2001). These authors were able
to separate four seismo-stratigraphic complexes (SSC) that are characterized by its
geometry, internal structure, distribution and other parameters. From top to bottom
SSC I to IV were distinguished. SSC-I has an integumentary shape, acoustically
transparent structure, is developed everywhere, and conformly overlap the under-
lying complexes. Its general thickness of 1.0–2.5 m on the continental slope may
increase to 18 m in local depocenters. Based on numerous radiocarbon datings this
complex has a Holocene age.

SSC-II forms several wedge-shaped depocenters along the edge of the shelf,
where its thickness may reach 100 m, but in other investigated regions does not
exceed 2–3 m. The fine acoustic stratification is a special characteristic of this com-
plex. Small transparent lenses are sometimes included. The described depocenters
are probably previous fans of the rivers Anabar, Khatanga, Olenek, etc. (Kleiber
et al., 2001). From our point of view, their origin in lakes dammed by the ice barrier
from the north cannot be excluded as well. In accordance with radiocarbon datings
and general considerations, SSC-II is approximately of MIS 2 age coinciding with
a low sea-level standing.

SSC-III is very similar to the overlaying complex, it only differs from the latter by
the absence of wedge shapes and lower gradients of thickness (from 2 m in the lower
part of the continental slope to 35 m at the shelf edge). The thickness increases to
50 m at some areas in relief depressions of the underlying complex. The sediments
of SSC-III were probably supplied by rivers at times of – in comparison to SSC-II
– higher sea level. Based on indirect conclusions and confirmed by the presence of
Gephyrocapsa spp. in the slope sediments, it is possible to conclude that the time of
accumulation of this complex was MIS 3.

SSC-IV is mainly composed of transparent sediment lenses, interpreted as debris-
flow (Kleiber et al., 2001) forming deep-water fans at the continental slope and
rise, and related to the advance of an ice sheet during the MIS 4. Based on most
reconstructions, the MIS 4 glaciation in the area of the Laptev Sea was more severe
than during MIS 2 (Kleiber et al., 2001; Svendsen et al., 2004).

Geochemical Data

Organic-geochemical data may be used to characterize the geological situation at
the continental slope of the Laptev Sea. As an example, data from sediment cores
PS2474–3 and PS2741–1 are presented here (Stein et al., 2001). The first core is
located at the upper continental slope off the Khatanga-Anabar channel (77◦40.2′ N,
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118◦34.5′ E, water depth is 1494 m), the second one is located to the northeast of
Severnaya Zemlya at the middle continental slope (77◦40.2′ N, 118◦34.5′ E, water
depth is 2400 m). The age models of both cores are mainly based on oxygen-isotope
stratigraphy, confirmed by radiocarbon datings for the upper part of the section of
Core PS2474-3. In both cores maximum values of TOC content, sedimentation
rate, and mass accumulation rate were determined for the Holocene time interval
(Fig. 11.2; (Stein and Fahl, 2004)).

The predominance of terrigenous organic matter is suggested from hydrogen
index values (Stein et al., 2001). Some increases in the TOC content, sedimentation

Fig. 11.2 TOC distribution in sediment cores from the Laptev Sea continental slope (Stein and
Fahl, 2004)
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rate and mass accumulation rate also occurred in the middle part of MIS 3, the bot-
tom of MIS 5 and in MIS 6.

The organic-geochemical data point to the absence of an ice sheet during MIS
2 in the Laptev Sea (Stein et al., 2001). During MIS 6, dark organic-carbon rich
interlayers are related to the carbon-rich sediments located between North Taimyr
and the Lena River delta and transported by glacial erosion to the continental slope
of the western Laptev Sea. Occasional enrichment of organic carbon in the various
periods of MIS 3 and MIS 5 are most likely related to the inflow of Atlantic waters
through the Fram Strait.

Holocene History of the Lena and Other Rivers Discharge
in the Laptev Sea

In the following, the Holocene and pre-Holocene history of river discharge into the
Laptev Sea, is briefly described, mainly based on the studies (Bauch et al., 1999,
2001) and some others (Stein and Fahl, 2000; Polyakova et al., 2005; Taldenkova
et al., 2005). Within these studies, 14 sediment cores located in the upper part of the
continental slope, in the outer, central and inner shelf (see Table 6.1, Fig. 11.3) and
well-dated by 119 AMS 14C determinations on bivalve shells, were investigated. In
most of the cores, sedimentological and mineralogical data as well as TOC distribu-
tion and isotope data of the organic matter were determined.

Fig. 11.3 Location of studied sediment cores in the Laptev Sea (Bauch et al., 2001). 1 – transform
fault (Explanatory note to tectonic map of the Barents and Kara Seas, 1998); 2 – boundary between
complete and uncomplete cross-sections of the Holocene
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Core PS 51/154 located at the continental slope northwest of the Laptev Sea
contains the oldest sediments of the studied cores with an age of 15.9 cal. kyrs.
BP. Numerous plant remains and flakes of mica were found, and also vivianite –
diagenetic phosphate – was described, which suggested to be formed under lake
conditions in organic-carbon-rich bottom sediments. These data coincide rather well
with data from SSC-II described above. It seems to be that this core has penetrated
a fan or sediments of a pre-glacial lake, connected with the output of the Khatanga
– Anabar channel to the continental slope.

At the base of Core PM 9499 located at the southern end of this channel river
(delta?) sediments with layered structure, enrichment of mica (due to input from
the Byrranga mountains in Taimyr), remains of vegetation, sandy-silt fractions
and ikaite were described. The age of these sediments is approximately 12.3 cal.
kyrs. BP. A sharp drop in sedimentation rate upward the sedimentary section was
observed at 11.1 cal. kyrs. BP in the north and at 7.1 cal. kyrs. BP in the south.

A similar north-south tendency of rejuvenation in age of the boundary is noted
for the joint channel Jana-Lena, where sediments with high sedimentation rates and
strong river influence are overlain by younger predominantly marine sediments. The
basic reason for this rejuvenation, as in the Yenisei region, is related to the Flandrian
transgression, which started in connection with deglaciation after the Last Glacial
Maximum.

The transgression in the Laptev Sea has occurred unevenly. The highest position
of sea level is registered at 11.1, 9.8 and 8.9 cal. kyrs. BP, and corresponded to the
isobaths –50 m, –43 m and –31 m, respectively. The recent sea level was approxi-
mately reached at about 5 cal. kyrs. BP. According to paleontological data, i.e., the
basic groups of benthic organisms, however, the recent environment was established
in the channel of the paleo-Jana River at about 10.3 cal. kyrs. BP and in the channel
of the paleo-Lena River at about 8.2 cal. kyrs. BP (Taldenkova et al., 2005).

Based on diatom, dinoflagellate and planktonic foraminifer data, the influence
of Atlantic waters for this region has appeared at about 10.7–9.2 cal. kyrs. BP
(Polyakova et al., 2005; Taldenkova et al., 2005). In Core PS2725 from the outer
Laptev Sea shelf area, a noticeable drop in sedimentation rate occurred at 9.6 and
5.3 cal. kyrs. BP (Stein and Fahl, 2000). In a number of cores taken in the paleo-
Lena channel on the inner shelf, a pronounced drop in fresh-water diatom inflow
was recorded at 7.0 cal. kyrs. BP (Polyakova et al., 2000), almost contemporane-
ously with a significant decrease in average sedimentation rate at 7.3 and 7.1 cal.
kyrs. BP.

Using all data available so far for the Laptev Sea, H. Bauch et al. (2001) found
that the earliest Holocene drop in sedimentation rate occurred between 11.1 and
9.0 cal. kyrs. BP. The latter boundary coincides with the end of main deglaciation in
the Nordic Seas and the establishment of normal marine environment in the West-
Arctic Seas. The second strong decrease of sedimentation rate, also confirmed by
organic geochemistry and diatom data, occurred in the region at about 7.2 cal. kyrs.
BP and is most likely connected with a distinct decrease of river discharge.

A careful examination of all the radiocarbon datings of Laptev Sea sediment
cores (Bauch et al., 2001) showed that only cores from the channels in the inner shelf
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in the southeastern part of the sea have continuous sedimentary sections throughout
the Holocene. At the same time, almost all the remaining cores have more or less
complete Lower Holocene sedimentary sections and clearly expressed sharp reduc-
tions in sedimentation rate or even hiatuses in the younger sections. According to
the data by (Stein et al., 2002), similar records were also obtained in some areas
in the north of the Ob-Yenisei Shoal at the end of the Yenisei transect, in south of
which a hiatus has not been frequently registered (Levitan et al., 2004; Stein et al.,
2002, 2003a).

In the case of the Ob-Yenisei Shoal it was noted in the previous chapter that sedi-
ment cores with preserved Lower Holocene sedimentary sections and large hiatuses
in later sedimentation are located along the northern and north-western margins of
this structure, near the boundaries of the Kara Sea Ice Sheet (MIS 2). It is logical to
assume that glacio-eustatic motions, which certainly occurred during the removal of
ice load, affected the relief of adjacent structures, especially in the boundary zone.

In the Laptev Sea, where an influence of an ice sheets was limited during the last
climatic cycle, the reason for hiatuses formation at the shelf area in Holocene was
fundamentally different. In this case, we do not exclude an influence of the Gakkel
Ridge propagating on the continental margin and the outer shelf of the Laptev Sea.
The analysis of Fig. 11.3, at which is shown location of cores with the radiocarbon
datings mentioned above, leads to several conclusions. All studied cores with hia-
tuses are located within upper continental slope, the outer and central shelf (north-
westward from dashed line) in contrast to the southeastern area of the sea (inner
shelf), where undisturbed whole Holocene cross-sections have been found. The bot-
tom relief between the shelf edge and the boundary between the inner and central
shelf areas (dashed line) is an anomalously hilled surface (I.G. Avenarius, personal
communication, 2005). It seems to be that propagation of the Gakkel Ridge (includ-
ing the end of the Holocene) led to its impact to the continental margin of the Laptev
Sea. This impact was expressed in the movements along the transform fault
(Fig. 11.3) and the activation of the ancient Yenisey-Khatanga depression (develop-
ment of a specific bottom relief, increased seismicity, possible underwater slumps).
All these mechanisms could contribute to the hiatuses in sedimentation processes.
The continuous Holocene sedimentary sections, represented by different genetic
types of continental and marine sediments, have been preserved in the cores beyond
the limits of the activization zone.

Organic Geochemical Data About Sedimentation History Along
the Continental Slope of the East Siberian Sea During the Last
Climatic Cycle

Due to the absence of the well-dated sediment cores from the shelf of the East
Siberian Sea it is necessary to study material from the continental margin in order
to obtain at least indirect data on the history of this sea. In this context, we briefly
present results from a study of two sediment cores recovered from the continental
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Table 11.1 Sedimentation rate (cm/ky) and bulk mass accumulation rate (g/cm2/ky) at the conti-
nental slope of the East Siberian Sea [Stein et al., 2001]

MIS PS 2763–7 PS 2761–10

Sedimentation rate
1 12.6 2.0
2 10.2 3.4
3 13.6 4.2
4 – 3.3
5 – 3.8
6 – 2.5

Bulk mass accumulation rate
1 10.59 1.98
2 10.42 3.02
3 13.22 4.43
4 – 3.37
5 – 3.83
6 – 2.55

Note: Blank – lack of sediments

slope of the East Siberian Sea (Stein et al., 2001): Core PS2761–10 (81◦11, 5′N,
150◦29, 0′E; water depth 2640 m; core length 620 cm) and Core PS2763–7 (80◦16,
9′N, 150◦26, 1′E; water depth 1597 m; core length 740 cm). Sedimentation rate and
mass accumulation rate data are given in Table 11.1 (for age model see (Stein et al.,
2001)).

TOC data of these two cores show a significant TOC enrichment in sediments
of MIS 1 and of the lower part of MIS 5 as well as in single layers in MIS 3 (Core
PS2763–7) and MIS 6 (Core PS2761–10). The distribution of hydrogen index val-
ues point to an increase of marine organic matter in the sediments of MIS 3 and
especially MIS 5. The behavior of all examined parameters indicates an absence of
an ice sheet on the shelf of the East Siberian Sea during MIS 2 and suggests the
delivery of terrigenous organic matter by rivers from the shelf into the deep-water
basin. Phases of increased marine organic-matter input are explained by increased
primary production during warm (interstadial and interglacial) intervals, which is
related to intensified advection of Pacific waters (Stein et al., 2001).

Preliminary Data About Accumulation of Diatom-Bearing Clayey
Silts at the Chukchi Sea Shelf

In Section “Recent Sedimentation Environment” we discussed a phenomenon in
recent sediments of the Chukchi Sea: a restricted area of diatom-bearing clayey silts
in the middle part of the shelf. For sediment core PSh 40 (69◦30′N, 171◦E; water
depth 51 m, core length 350 cm) some analytical data are listed in Table 11.2.

The whole Core PSh 40 is composed of diatom-bearing clay silts, with low con-
tents of Fe, Mn, Ti, and CaCO3 and increased TOC contents. Regretfully, there
are no radiocarbon datings available, and the stratigraphy of the core is only based
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Table 11.2 Grain-size (wt. %) and chemical composition (wt. %) of diatom-bearing silty clays in
sediment core PSh 40 at the Chukchi Sea shelf [Aksenov et al., 1987]

Horizon, 1–0.1 0.1–0.01 0.01–0.001 <0.001 SiO2

cm mm mm mm mm Fe Mn Ti am. TOC CaCO3

0–15 0.71 4.08 53.64 41.57 4.24 0.03 0.31 10.15 1.62 1.25
15–20 0.69 4.04 58.82 36.45 n.d. n.d. n.d. n.d. n.d. n.d.
50–60 0.25 2.43 54.02 43.40 4.46 0.02 0.31 9.79 1.65 1.23
100–110 1.04 1.34 57.11 41.01 4.34 0.04 0.33 9.35 1.40 1.30
150–160 0.40 2.38 54.69 42.03 4.40 0.04 0.32 9.85 1.55 1.31
200–210 3.08 3.25 65.07 30.78 4.18 0.03 0.33 12.86 1.43 1.28
250–260 0.43 1.66 55.81 42.20 4.11 0.02 0.36 11.79 1.40 1.25
300–310 0.26 0.64 59.53 39.57 4.69 0.03 0.34 7.63 1.68 1.84
340–350 0.36 0.72 59.27 40.35 4.80 0.03 0.37 7.95 1.59 1.23

on foraminifer data (Saidova, 1982). According to these data, the upper 15 cm of
sediments were formed during the Subatlantic Stage, the interval 15–120 cm – dur-
ing the Subboreal Stage, the interval 120–215 cm – during the Atlantic Stage, and
the interval 215–350 cm – during the Boreal Stage of the Holocene. Agglutinated
foraminifers prevail in the Subatlantic Stage, suggesting strong dissolution of car-
bonates.

Based on the data of Table 11.2, recent sediments and sediments from the tran-
sitional zone between the Boreal and the Atlantic stages are mostly enriched in
biogenic opal. Taking into account all available data, the second interval was prob-
ably developed during the Holocene Climatic Optimum in this region, i.e., between
9.5 and 8.9 ka along the coast of the Chukchi Sea (Anderson et al., 2002), or during
the time interval 9.5–5.5 ka in accordance with data of oxygen isotopes in plank-
tonic foraminifers, or 8.0–5.5 cal. kyrs. BP according to data of oxygen isotopes in
benthic foraminifers (de Vernal et al., 2005).

The Atlantic Stage was identified by the total content of benthic foraminifers
(up to 3200 tests/50 g of sediment in comparison to the average value of 500–600
tests/50 g of sediment above and below the interval) and increased concentrations
of such species as Busselainusitata and Protelphidium orbiculare. Furthermore, the
abundance of Nonionellina labradorica is increased, although this parameter is only
of marginal importance. There is a general similarity between foraminifer distribu-
tion in the Chukchi Sea and in the Barents Sea in Holocene sediments (Pogodina,
1994).

In conclusion, we may suggest that most likely the enrichment of biogenic com-
ponents in Arctic and Subarctic sediments are related to stages or episodes of
increased temperatures and penetration of warm, saline and nutrient-rich Atlantic
or Pacific waters into the Arctic Ocean. This topic will be discussed in more detail
in the following chapter.



Chapter 12
Seas of the Eastern Subarctic

Recent Sedimentation Environment

The Bering Sea and Sea of Okhotsk known as the marginal seas of the Pacific
belong to the eastern Subarctic, where sea ice plays a significant role in the hydro-
logical regime. According to (Grosswald, 1998), both seas and their drainage areas
were covered by large ice sheets during the Last Glacial Maximum. This view, how-
ever, was recently disputed by many researchers (Axenov et al., 1987) and data pre-
sented below will give other possible paleogeographic scenarios.

The Bering Sea is isolated from the Arctic Ocean by the shallow Bering Strait.
It consists of two large parts: the northern (shelf) and southern (deep-water) areas.
The southern part is isolated from the Pacific Ocean by the Komandor and Aleutian
islands. In the surface-water circulation of the deep-water area the Bering cyclonic
circulation gyre plays an important role (Ohtani, 1991). In general, the Bering Sea
receives 12.5 million m3/s water from the Pacific Ocean, and 11.7 million m3/s water
are leaving the sea. Primary production ranging between 150 and 500 g C/m2/yr, is
very high on the shelf, along its edge and on the periphery of the sea, while for the
oceanic part typical values are between 50 and 100 g C/m2/yr (Sakshaug, 2004).

The recent clastic, clastic-clayey sediments and clayey muds are developed on
the shelf: Fig. 12.1 presents our lithology data from the Navarin area in the western
parts of the shelf, obtained in 1982 during the Cruise 29 of RV Dmitry Mendeleyev.
For the recent to Subatlantic shelf sediments, mass accumulation rates of TOC are
<0.25 g C/m2/ky, and at the base of the Holocene these values may exceed 1.25 g
C/m2/ky (Fig. 12.2). Mass accumulation rates of TOC are mainly related to mass
accumulation rates of terrigenous matter. During the Holocene the input of terrige-
nous material onto the shelf was so high that any specific biogenious sediments
(sapropels or diatomaceous oozes) were not accumulated. In contrast to the shelf,
our data suggest that already during the Holocene diatomaceous mud was deposited
everywhere in the deep water part of Bering Sea (Table 12.1), and overall mass
accumulation rates of terrigenous material were several orders of magnitude lower
than on the shelf.

The Sea of Okhotsk, the southernmost region of occurrence of sea ice in the
North Pacific, is located in the transition zone from the continent to the ocean. Here,

M.A. Levitan, Y.A. Lavrushin, Sedimentation History in the Arctic Ocean and Subarctic
Seas for the Last 130 KYR, Lecture Notes in Earth Sciences 118,
DOI 10.1007/978-3-642-00288-5 12, C© Springer-Verlag Berlin Heidelberg 2009
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Fig. 12.1 Lithology of the
Navarin Basin Subatlantic
sediments (the Bering Sea
north-western shelf) and
distribution of TOC (Marina
et al., 1985). a – lithology:
1 – gravel and pebble, 2 –
sand, 3 – silt, 4 – clayey mud,
5 – outcrops of hard rock, 6 –
geological stations; b – TOC
content (wt. %): 1 – >1.7, 2 –
1.7–1.5, 3 – 1.5–1.3, 4 –
1.3–1.1, 5 – 1.1–0.9,
6–0.9–0.7, 7 – 0.7–0.5,
8 – <0.5, 9 – geological
stations

one issue of controlling mechanisms of climatic changes related to history of sedi-
mentation in this area is of special interest: the evolution of atmospheric circulation,
changes in the thermohaline circulation or a combination of both mechanisms.

The Sea of Okhotsk has been studied by marine geologists for many years, espe-
cially by Russian scientists (Gorbarenko, 2004 and numerous references therein).
During recent years, further research was carried out by scientists from Japan, South
Korea, China, Germany, USA and other countries. For the earlier studies, the length
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Table 12.1 Thickness of Holocene diatom oozes in the Bering Sea according to M.A. Levitan
(29-th cruise of RV Dmitry Mendeleev)

Sediment
core DM

Geological
feature

Northern
Latitude, N Longitude

Water
depth, m

Core
length, cm

Thickness of
Holocene
diatom ooze, cm

2533 Komandor
Basin

59◦34,6′ 175◦47,0′E 3700 405 62

2578 Komandor
Basin

60◦39,6′ 177◦28,0′E 3280 498 360

2579 Komandor
Basin

60◦13,4′ 177◦52,7′E 2895 462 176

2580 Komandor
Basin

58◦42,3′ 169◦30,3′E 3055 213 213

2594 Shirshov
Ridge

56◦56,4′ 169◦53,0′E 1780 472 92

2597 Komandor
Basin

56◦43,0′ 169◦31,6′E 3840 546 15

2598 Aleutian
Basin

56◦10,0′ 174◦55,7′W 3875 274 30

2599 Aleutian
Basin

56◦13,3′ 174◦12,4′W 3860 120 8

2600 Aleutian
Basin

56◦10,0′ 178◦05,3′W 3790 174 168

of available sediment cores was mainly restricted to a few meters, and only more
recently the use of a new piston corer allowed to obtain cores with lengths of >10
m (Nürnberg and Tiedemann, 2004). The evolution of different sedimentary mech-
anisms (including sea ice transport) under changing conditions during Pleistocene
glacial-interglacial cycles was intensively studied for the first time by the partici-
pants of an international RV Marion Dufresne expedition carried out in 2001 within
the IMAGES program (Bassinot et al., 2003; Levitan, 2003). In the course of this
cruise, three sediment cores (MD01-2413, -2414 and -2415) were recovered in the
international waters of the central region of the northern Okhotsk Sea (Fig. 12.3).
Cores MD01-2413 and MD01-2415 were investigated by an international group
of scientists from Germany (GEOMAR, Kiel and AWI, Bremerhaven) and Russia
(GEOKHI and IO RAN, Moscow; and TOI, Vladivostok), and Core MD01-2414

�

Fig. 12.2 (continued) Lithological transect through the Navarin Basin (a) and TOC distribution
(b, c) (Marina et al., 1985). a: 1–5 – stratigraphic horizons: 1 – Subatlantic, 2 – Subboreal, 3 –
Atlantic, 4 – Boreal, 5 – Preboreal; 6–12 – lithology: 6 – sand, 7 – silty sand, 8 – silt, 9 – silty
clay, 10 – marly mud, 11 – clayey mud, 12 – diatom mud, 13 – pebble, 14 – shell, 15 – pyrite. b:
1–8 – TOC (wt. %) distribution: 1 – 0–0.5, 2 – 0.5–0.7, 3 – 0.7–0.9, 4 – 0.9–1.1, 5 – 1.1–1.3, 6 –
1.3–1.5, 7 – 1.5–1.7, 8 – >1.7, 9 – TOC values; 10 – boundaries of stratigraphic horizons, 11–15
– stratigraphic horizons. (see Fig. 12.2a) c: 1–6 – TOC mass accumulation rates (g/cm2/ka): 1 –
<0.25, 2 – 0.25–0.50, 3 – 0.50–0.75, 4 – 0.75–1.00, 5 – 1.00–1.25, 6 – >1.25; 7 – lines of equal
mass accumulation rates; 8 – boundaries of stratigraphic horizons
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Fig. 12.3 Scheme of surface-water circulation (Chernyavsky et al., 1993) and location of RV
Marion Dufresne sediment cores in the Sea of Okhotsk

was studied by scientists from Taiwan. The long-lasting attempt to organize deep-
water drilling in this area, however, was unfortunately not succeeded yet.

The Sea of Okhotsk is surrounded by West Kamchatka, the Okhotsk volcanic
belt, Sakhalin and the Kuril Islands. Like the Bering Sea, it is also divided into a
shallower northern part (in which the water depths, however, are not typical for a
shelf, reaching in average 1000 m with two deep depressions (TINRO and Deirugin)
and a number of underwater rises) and a deep-water southern part with the deepest
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depression of the Sea of Okhotsk – the Southern Kuril Basin. In this sea, as in the
Bering Sea, a distinct sea-ice cover is developed starting in November and lasting
until June. The Sea of Okhotsk is mostly covered by sea ice (80%) with a thickness
of 0.5–1.0 m during March (Aota and Uematsu, 1989).

The Alaska Current plays the most important role in the hydrology of the north-
ern part of the Pacific Ocean. It flows to the north along the periphery of North
America and, reaching the Alaska coast, sharply changes the direction to the west.
Flowing along the Aleutian bank it transfers relatively warm Pacific waters into
the Eastern Hemisphere in the water layer of 200–400 m. In this case a substan-
tial part of the Alaska Current arrives in the Bering Sea through the deep-water
straits of the Aleutian Islands. These waters, partially freshened in proportion to
cooling and circulation, enter the Pacific Ocean again through the deep Kamchatka
Strait as the powerful Kamchatka Current. A minor part of the Pacific Ocean waters
passes through the Bering Strait into the Chukchi Sea. After flowing along the East
Kamchatka coast, part of the waters of the Kamchatka Current enters the Sea of
Okhotsk through a number of straits (especially, the deepest one – Krusenstern
Strait) (Chernyavsky et al., 1993). Figure 12.3 shows a detailed diagram of the cir-
culation of surface waters in the Sea of Okhotsk. It is demonstrated, that the Western
Kamchatka and Eastern Sakhalin currents form a cyclonic circulation. As a result,
terrigenous material supplied by the Amur River (about 14 t/km2/yr) (Gorbarenko,
2004) is practically not transported into the center of the sea. In the northern branch
of this circulation gyre several flows are isolated, while in the southwestern part
the warm Soya Current transports subtropical waters, entering from the Sea of
Japan through the La Perouse Strait. The annual primary production in the Sea of
Okhotsk is approximately 100–200 g C/m2, decreasing toward the pelagic direction
(Gorbarenko, 2004).

Most waters of the Bering Sea and the Sea of Okhotsk originate from the Pacific
Ocean. The characteristic property of hydrology of the Sea of Okhotsk is the devel-
opment of so-called dichothermal cold waters at depths of 50–150 m with tem-
peratures <0◦C, which are formed during the winter cooling of surface water (ice
formation) and remain throughout the whole year. At present, the direct ventila-
tion of waters in the Sea of Okhotsk, stimulated by the formation of sea ice on
the northern shelf and by the inflow of salt waters with the Soya Current from
the Sea of Japan, reaches depths of 400–600 m. At depths of 750–1300 m, the
warmer Pacific waters with positive temperatures of 2.0–2.5◦C are located. Below,
the temperature is reduced to 1.8◦C at the bottom (Dobrovolsky and Zalogin,
1982).

Waters of the northwestern part of the Pacific Ocean, the Bering Sea and the Sea
of Okhotsk are known to be the final component of the global salinity conveyor belt
(Broecker, 1991). Therefore, these water masses are the oldest waters of the World
Ocean and have the highest content of nutrients. This circumstance explains such
a high primary production of these areas. The intermediate waters of the Sea of
Okhotsk, saturated in oxygen, flow into Pacific Ocean with a velocity of 2.7 Sv and
considerably contribute to the formation of intermediate waters in the northern part
of the Pacific.
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The detailed study of the recent sediments of the Sea of Okhotsk showed that
only in the vicinities of the basic source provinces of terrigenous material (West
Kamchatka, Sakhalin and others) the terrigenous or diatom-bearing sediments are
developed (Gorbarenko, 2004). Holocene diatomaceous ooze with varying amounts
of biogenic opal was found in the remaining part of the sea. Their thickness is usu-
ally 20–40 cm, increasing to 190–220 cm toward the boundary to the Southern Kuril
Basin (Gorbarenko, 2004).

In the surface sediments of the Sea of Okhotsk in the area of Core MD01-2415,
smectites clearly predominate among the clay minerals, supplied from the south of
West Kamchatka and Kuril Islands (Kurnosov and Murdmaa, 1978). Their content
usually exceeds the summary concentration of illite, kaolinite and chlorite by a fac-
tor of two. In this case, the basic sources of illite are only located to the north of
the studied region, increasing towards to the northern branch of the described circu-
lation gyre. Kaolinite and chlorite enter the Sea of Okhotsk from the northern and
western continental regions (Kurnosov and Murdmaa, 1978). Rare-earth elements
in the sediments of the Sea of Okhotsk, as far as we know, were not studied yet.

History of Sedimentation

History of Sedimentation in the Deep-Water Part of the Shirshov
Ridge (Bering Sea) During the Last Three Marine-Isotope Stages

In the northern relatively shallow part of the Shirshov Ridge, clastic-clayey sedi-
ments and terrigenous clayey muds are exceptionally predominant in the sedimen-
tary sections of our studied cores DM 2587-2593 (Table 12.1). The sedimentary
section at Core DM 2594 from a water depth of 1780 m, however, is very different.
The lithological characteristics of this core are described by M.A. Levitan (includ-
ing macro-description and examination of smear-slides). Grain-size and heavy-
mineral analyses performed by V.P. Kazakova. Analyses of the biogenic components
(CaCO3, TOC, and diatom content), mass accumulation rates of TOC, oxygen-
isotope composition in foraminifer tests N. pachyderma sin. and U. auberiana (in
‰ to PDB), and also three radiocarbon datings were published by S.A. Gorbarenko
(1996).

Lithostratigraphic Characteristics

From top to bottom, the following lithostratigraphic units were separated in the
sedimentary section of Core DM 2594:

Unit I (0–92 cm): Clayey diatom ooze of olive color, cheese-like structure,
uniform, with high water content. The content of <0.005 mm fraction always
exceeds 70%. The concentration of the 0.01–0.005 mm fraction usually varies
between 18 and 28%. Clay minerals dominate in the sediments (30–35%), differ-
ent diatoms (30–35%), quartz-feldspar clastics (to 30%). Furthermore, green and
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brown hornblende, pyroxene, globules of pyrites, brown and colorless volcanic glass
occur in varying abundances. The content of the total heavy fraction is very uneven
and changes from 1.56 to 8.64%. Black ore minerals (28–33%), rhombic pyroxene
(19.5–33%), and hornblende (16.4–32%) predominate among the heavy minerals.
The content of monocline pyroxene sometimes increases to 12.9%. Acid volcanic
glass (20–34%), indeterminable remains of rock and minerals (most likely, volcanic
ash) in a quantity to 30%, basic and intermediate plagioclases (from 8 to 23%) and
remains of carbonate organisms predominate among the light minerals. Small detri-
tus of bivalves was only found in very minor amount.

Unit II (92–145 cm) is characterized by very fine clayey terrigenous mid of
light gray color and homogenous structure, high water content and viscosity. The
content of <0.005 mm fraction always exceeds 70%. The concentration of the
0.01–0.005 mm fraction usually varies between 10 and 28%. The sediments are
characterized by abundant clastics (about 40%), represented by basaltoids, cherts,
quartz, green and colorless volcanic glass, pyroxene, hornblende, pyrite and other.
About 50% of the sediment is composed of clay minerals, and the remainder con-
sists of several percentages of carbonate (Bivalve, Bryozoa, Echinoderma, benthic
foraminifers) and siliceous (in essence, diatoms) organisms. The content of total
heavy fraction is quite stable: 3.15–3.70%. Its composition strikingly differs from
the composition of Unit I: hornblende (14–16%), monocline pyroxene (19–24.5%),
and epidote (21–26%). Sometimes, pyrite plays a leading role. Quartz (28–41.3%),
indeterminable rock remains (17.6–24%), and certain amount of acid plagioclases
and by places (in the lower part of the section) abundant remains of biogenic car-
bonates (up to 37.5%).

Unit III (145–472 cm) is represented by sediments very similar to those of the
overlaying Unit II. Gradually, they are compacting downward the section. At 216–
229 cm, lenses of pinkish-brown volcanic ash of slightly more coarse-grained com-
position were observed. Pebbles of dark fine-crystalline rocks with a size of up
to 2.5 cm were found at 248 cm and 427–430 cm core depth. Clay fraction pre-
dominates in grain-size composition, sometimes with some increased content of silt
admixture. Volcanic ash contains clay (69.49%), silt (24.13%), and sand (5.38%).
According to smear-slide-analysis data, very fine (clay) clastic component (up to
60%) prevails, presented by clastics of rock, quartzose cherts, light and heavy trans-
parent minerals, volcanic glass, and pyrites. 30–35% of sediment are composed of
clay minerals and their aggregates. Practically there are no remains of carbonate and
siliceous organisms.

The amount of the heavy fraction varies between 2.5 and 3.8%. Hornblende
(12.6–17.3%), epidote (11.3–23.2%), and monocline pyroxene (16.6–33.2%) pre-
dominate among the heavy minerals. Pyrite was found in relatively high abun-
dances, ranging between 9.5 and 29.6%. Quartz (>32%, sometimes up to 45.6%)
and indeterminable mineral grains (22–43%) prevail in the sediment composition.
Occasionally, abundances of potassium feldspar increase up to 11.8%. In one sam-
ple (185–195 cm), a high content of biogenic carbonates of 25% is noted. Volcanic
glass is mainly distinguished by its composition in the light fraction: there are 68.6%
of acid glass and 12.3% of indeterminable grains and fragments (also ashes?). As
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mentioned above, the sediments of Unit III are lithologically and mineralogically
very similar to the sediments of Unit II, but they contain somewhat more of fine
clastics (“glacial milk”?) and less biogenic components. We assume that sediments
of Unit II and Unit III were predominantly accumulated from sea ice, and water
exchange with other basins was reduced to a minimum.

Stratigraphy and Several Paleoceanographic Proxies

For Core DM 2594, three radiocarbon datings were carried out, and corrected AMS
14C dates look as follows: 9.07 ka at 82 cm, 11.2 ka at 111 cm, and 19.3 ka
at 235 cm (Fig. 12.4). It means that sedimentation rates are 9.04, 13.62, and
15.3 cm/ky, respectively. Such way, Younger Dryas sedimentation rates were 1.5
time higher than later, and MIS 2 sedimentation rates were slightly higher than in
MIS 1. Oxygen-isotope stratigraphy supports the radiocarbon datings: the boundary
between MIS 1 and MIS 2 is located at 145 cm, the boundary between MIS 2 and
MIS 3 at 282 cm. Based on TOC and CaCO3 data, it possible to subdivide MIS 1
into two substages: 0–92 cm and 92–145 cm.

Fig. 12.4 Distribution of selected geochemical parameters in sediment core DM 2594 (the Bering
Sea) (Gorbarenko, 1996)
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In Unit I (corresponding to the first substage 0–92 cm) the content of diatom frus-
tules changes from 1 to 12×104, and concentrations and mass accumulation rates of
CaCO3 and TOC are relatively high reaching maximum values at the base of Unit
I, probably corresponding to termination 1B (Fig. 12.4). A similar evolution of the
carbon record is also obvious for the second substage of MIS 1, where the maxi-
mum values corresponds to termination 1A; diatoms, however, are actually absent
in the lower part of Unit I. Within MIS 2 and MIS 3 there are essentially no sed-
imentological changes, but oxygen isotopes of planktonic and benthic foraminifer
become slightly lighter at the MIS 2 /MIS 3 boundary, probably reflecting somewhat
increased temperatures of water masses at that time.

Thus, it is assumed that during MIS 1 the mass accumulation rates of biogenic
components were somewhat higher than in MIS 2 and MIS 3, and mass accu-
mulation rates of terrigenous substance, on the contrary, were lower. This can be
explained by an increase in primary production during the Holocene, which may
have resulted from a change in circulation system, an increase in water exchange
with the surrounding basins and also a decrease in terrigenous matter input at this
time, when the suspended-matter discharge of the Yukon has moved from the Bering
Sea to the Arctic Ocean. Mineralogical data on Core DM 2594 remarkably illustrate
changes in the source provinces at the MIS 1/MIS 2 boundary, when the Bering
Strait was opened.

Data on both heavy and light minerals allowed to assert that as the source
province for Unit I served in essence the volcanic islands of the Aleutian island
arc, and the source provinces for the terrigenous material of Unit II and Unit III,
most likely, were located on the large land masses, which frame the Bering Sea –
Chukotka and Alaska. Abundance of the rock fragments in the heavy and light frac-
tions were probably in favor of the massive inflow of icebergs from Alaska. The
presented data from the shelf of Bering Sea in the area of the Navarin site com-
pletely coincide with the proposed concept.

History of Sedimentation in the Northern Sea of Okhotsk During
the Last 1.1 Ma

Materials and Methods

Sediment core MD01-2415 (53◦57.09′ N, 149◦57.52′ E; water depth 822 m, length
46.23 m) was most thoroughly investigated in order to reconstruct the paleoclimatic
and paleoceanographic history in the Northern Sea of Okhotsk. The core represents
a hiatus-free sequence of sediments spanning the time interval from 1.1 Ma to recent
(Nürnberg and Tiedemann, 2004; Matul, 2005).

The detailed layer-by-layer lithological description of the core was carried
out onboard and supplemented by smear-slide description and core photographs.
Determination of color reflectance of sediments were accomplished manually by
a MINOLTA camera system (Bassinot et al., 2003). Various physical properties
(primarily magnetic susceptibility and bulk density) of sediments were routinely
measured.
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At the IFM-GEOMAR, Kiel/Germany, oxygen-isotope stratigraphy of Core
MD01-2415 was established, including astronomical tuning. Radiocarbon AMS 14C
datings are available for some selected samples from the upper part of the sedimen-
tary section. To study the biogenic sedimentation, TOC, biogenic opal, and CaCO3

were determined and paleoproductivity estimated. Some paleoceanographic recon-
structions were published in (Nürnberg and Tiedemann, 2004). A.G. Matul (2005)
reported preliminary results of the paleoecological study of radiolarians.

One of the main goals of the present research was to study the history of ter-
rigenous sedimentation, i.e., changes of provenance and transport processes of the
terrigenous material. Methods are listed in (Levitan et al., 2007).

Results

Lithostratigraphic Characteristics

Figure 12.5 shows the lithostratigraphic characteristics of Core MD01-2415, includ-
ing grain-size distribution, magnetic susceptibility and color reflectance (b∗). The
latter parameter correlates with the content of biogenic opal, i.e., the higher the opal
content, the higher the index b∗. Magnetic susceptibility depends on the content of
ferrimagnetics and shows an inverse correlation with the content of biogenic opal in
the studied sediment section.

In general, the sediment section has a rather simple structure, and two lithostrati-
graphic units were identified. The upper unit (called “Okhotomorsk sequence”) rep-
resents the last ∼ 415-ka of geological history. The lower unit (“Vanin sequence”)
continues downward at least to the bottom of the core.

Unit I, the Okhotomorsk sequence, is a product of cyclic and directional sedi-
mentation. The cyclicity is manifested as alternation of cyclites (diatom sediments
at the base and detrital-clayey and clayey sediments at the top). The base of Unit I at
23.4 m was identified by the first occurrence of a diatom ooze accumulated during
MIS 11. Thus, boundary between the two units correlates approximately with the
Early/Middle Neopleistocene. Light brown (in the upper interval) and olive green
diatom ooze (clay fraction <0.005 mm up to 80–90%) has cheese-like and bio-
turbation structure. The biogenic opal is mainly related to frustules of planktonic
diatoms; radiolarians, silicoflagellates, and siliceous sponge spicules only occur in
very minor amounts. The opal content gradually decreases from 60–65% in the
upper layer to 40% in the lowermost layer (Nürnberg and Tiedemann, 2004). The
grain-size distribution is shown in Fig. 12.6a. According to (Nürnberg and Tiede-
mann, 2004), the diatom ooze contains 8–20% CaCO3 (mainly foraminifers) and
1–1.4% TOC. Color reflectance decreases from 18 u. at the top of the sequence
to 10 u. at the bottom, parallel to an increase of magnetic susceptibility from 0 to
200 × 10–5 SI (Fig. 12.5). The diatom ooze (as well as the other lithologies of the
sequence) contains sporadic IRD presented by rock debris of 2–4 mm to 2–4 cm
in size. Sandy admixtures were found at some places. Diatom ooze occurs in the
following intervals of the unit: 0–2.2 m; 7.5–9.0 m; 17.7–18.8 m, and 22.1–23.4 m.
These intervals correspond to MIS 1.1, 5.5, 9.3, and 11, i.e., to Terminations and
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Fig. 12.5 Lithology and stratigraphy of sediment core MD01-2415 (Levitan et al., 2007b). 1 –
sand; 2 – silty clay; 3 – clay; 4 – diatom ooze; 5 – diatom clay; 6 – IRD; 7 – volcanic ash lenses;
8 – volcanic ash layers

subsequent Interglaciations. A minor diatom enrichment was recorded in interlay-
ers between 11.5 and 14.0 m, i.e., during Interstadials 7.3 and 7.5 (Fig. 12.6b). The
sedimentation rate of diatom ooze in Unit I is generally about 4–5 cm/ky. In the
upper Holocene layer of diatom sediments, however, sedimentation rates reached
very high values of up to 22 cm/ky. Taking the core recovery technique into consid-
eration, this value is probably exaggerated 2–2.5 times (Nürnberg and Tiedemann,
2004).
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Fig. 12.6 Histograms of main lithologies and grain-size distribution (Levitan et al., 2007b).
a – diatom ooze, b – diatom clay, c – silty clay, d – silty-clayey sand, e – vitric volcanic ash,
f – host sediment for lenses of volcanic ash
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The dominantly detrital-clayey and clayey sediments are represented by olive
gray, yellowish green, and gray muds, silty-sandy clays with an admixture of gravel
at some places (Fig. 12.6c), sandy clays (Fig. 12.6d), and clays with sand and gravel.
The section commonly includes relatively fine-grained sediment varieties with a
clay fraction of up to 70% of the bulk sediment. In general, bioturbation is either
absent or vague. IRD is sporadically scattered throughout the section. Magnetic
susceptibility ranges from 100 to 200 × 10–5 SI and color reflectance from 5 to 6 u.
The average content of biogenic components is as follows: opal – 4–5%, CaCO3 –
0–2%, and TOC – 0.3–1.2% (Nürnberg and Tiedemann, 2004).

In addition to the terrigenous varieties described above, in some intervals of
the sequence fine (1–2 cm thick) layers of pink and light gray vitric volcanic ash
(Fig. 12.6e) as well as black sandy vitroclastic and crystalloclastic volcanic ash
were found. The latter ash varieties often occur in lenses of 2–3 cm in size, dis-
tinctly increasing in abundance in the silty clays with sandy admixture at 19–22 m
core depth (Fig. 12.6f). This depth interval corresponds to approximately 350–395
ky. In the upper part of the unit, magnetic susceptibility is as high as 200 × 10–5

SI, whereas color reflection is minimal. Accumulation rate of abiogenic sediments
is usually two or three times lower than that of diatom ooze.

Unit I (the Okhotomorsk sequence) includes at least four rhythmites (MIS
11–10, MIS 9–8, MIS 7–6, and MIS 5–2). Each rhythmite corresponds to a glacial-
interglacial climate cycle of approximately 100 ky in duration; i.e., the rhythmites
follow the periodicity of eccentricity variation (Bol’shakov, 2003). Furthermore,
spectral analysis of the color reflectance also revealed distinct periodicities with
a period of 41 ky (i.e., the obliquity cycle) and a period of 22 ky (i.e., the pre-
cession cycle) (Nürnberg and Tiedemann, 2004). The diatom ooze layer on top
of the section belongs to the Holocene, i.e., the beginning of Cycle V. A distinct
trend in sedimentation is obvious in the index b∗ of color reflectance, caused by
the upward increase of biogenic opal content in the diatom ooze interlayers. As an
example, regional processes especially related to subaerial explosive volcanism on
Kamchatka or the Kuril Islands, are represented by volcanic ash layers and lenses,
and by intervals with abundant lenses of sandy ash in the lower sedimentary section
(MIS 10).

The chemical composition (based on 28 elements) supports the specific character
of each of the lithotype (Table 12.2). For example, diatom ooze is enriched in Na
and Sr. The remaining elements are intensely diluted by the biogenic opal and sub-
ordinate calcium carbonate. In general, diatom clays have a transitional composition
between diatom ooze and detrital-clayey sediments. Because only one analysis of
the vitroclastic volcanic ash is available, we cannot make any statistically signifi-
cant conclusions about its composition. Nevertheless, it is noteworthy to mention
that this ash is enriched in REE, Na, Sc, Fe, Br, and Hf. Concentrations of Rb, Cs,
Ba, U, Ta, and Zn are significantly lower. It is clear that compositional differences
between lithotypes of sandy and silty clays are primarily related to different grain
size. Therefore, elements of the sand fraction (e.g., Cs, Ba, Cr, Th, U, Hf, and Zr) are
concentrated in sandy clays, whereas elements of the clay fraction (Eu, Na, Rb, Sr,
Sc, Fe, Co, As, Sb, and Br) are concentrated in silty clays (Table 12.2). REE spectra
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and its distribution pattern as well as data on the composition and distribution of
clay minerals will be discussed later after presenting data from the entire sequence
of Core MD01-2415.

Unit II (the Vanin sequence) is composed of lithotypes similar to those of Unit
I (the Okhotomorsk sequence), except for the absence of diatom ooze in Unit II
(Fig. 12.5). Instead, diatom clays have been accumulating during some warm peri-
ods (e.g., during MIS 19, 27, and 31). In the diatom clays of this sequence, the color
reflectance does not exceed 6–8 u. and biogenic opal content does not exceed 20%.
The sediments are enriched in TOC of up to 1.2% and commonly depleted in CaCO3

(Nürnberg and Tiedemann, 2004). The role of diatom-rich sediments is significantly
lower in the Vanin sequence relative to the Okhotomorsk sequence (Fig. 12.5). The
radiolarian fauna in the Vanin sequence, however, supports a more intensive water
exchange with the Pacific Ocean at that time (A.G. Matul, private communication,
2005).

The variations in terrigenous lithotypes, which prevail in the sections, are even
more expressive. The Vanin sequence is also dominated by coarse-grained sedi-
ments (silty-sandy clays) that mainly occur in the lower part of the sedimentary
section (i.e., 31–39 m core depth). This is reflected in the grain-size distribution
and magnetic susceptibility of the sediments (Fig. 12.5). The content of abiogenic
material is 80–90% at some places. The concentration of silty-sandy material may
become as much as 50%. Magnetic susceptibility and color reflectance vary from
250 to 300×10–5 SI and from 2 to 6 u., respectively. Some interlayers, in partic-
ular at intervals representing MIS 30–28 and MIS 16–14, are strongly enriched in
coarse-grained IRD (with diameters of up to 3–5 cm) that is well rounded.

As in the Okhotomorsk sequence, the Vanin sequence also contains rare thin
layers of vitroclastic volcanic ash and layers of black sandy pyroclastic material,
occurring in the lower part of the sedimentary section (interval 44.1–46.1 m, repre-
senting MIS 30). The sedimentation rate of all lithotypes of this sequence is slightly
lower (up to 2∼3 cm/ky) than that determined for the Okhotomorsk sequence.

The spectral analysis of the continuous series of color reflectance shows that the
Vanin sequence is also dominated by cycles related to eccentricity (Nürnberg and
Tiedemann, 2004). However, the 41-ky-cycle plays a more important role in this
sequence (particularly, in its lower part) than in the Okhotomorsk sequence. Cycles
with a period of 22 ky were recorded as well.

Chemical Composition

The differences in grain size and biogenic content of the two units, i.e., the Okhoto-
morsk and Vanin sequences, are also clearly reflected in their chemical composition
(Table 12.3). For example, relative to Okhotomorsk sequence, the Vanin sequence
characterized by more coarse-grained terrigenous and less biogenic material (see
above), is depleted in nearly all measured elements, except Eu, Na, Ca, Sb, and Cs.

The results of the correlation analysis allowed to distinguish five major associa-
tions of elements (except REE): (1) Fe, Sc, Cr, Co, Th, and Hf (associated with the
sand and silt fraction); (2) Ba, Br, and U (associated with the clay fraction); (3) Rb,
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Table 12.3 Average concentration of elements in the Okhotomorsk (I) and Vanin (II) sequences

Sequence La Ce Nd Sm Eu Tb Yb Lu Na Rb Cs Ca Sr Ba

I 15.3 29.1 12.7 3.24 0.8 0.58 1.49 0.24 3.45 51.9 4.14 2.18 365 455
II 17.8 34.3 15.5 3.99 0.78 0.72 1.89 0.31 3.1 53.9 3.5 1.87 679 806

Sequence Sc Cr Fe Co Ni Se As Sb Th U Br Hf Ta Zr

I 15.4 43.2 3.89 23.0 111.6 2.55 7.29 2.24 4.5 3.02 11.26 2.33 0.55 38
II 17 54.5 4.14 26.4 212.9 3.75 9.77 1.65 5.37 4.02 26.6 2.88 0.73 40

Note: Na, Ca, Fe are given in %, the rest elements – in ppm

Sr, Sb, Se, Co, and Zn; 4) Na and As (associated with the clay fraction) or Na and K
(associated with the sand and silt fraction); and (5) Ca, Ta, and Cs (associated with
the gravel fraction).

The varimax factor loading for several elements confirmed significantly the valid-
ity of associations listed above. For example, VF1 is typical of significant positive
loads for Sc, Cr, Fe, Co, Th, and partly Hf; VF2 is typical of Ca and partly Na; and
VF3 is typical of Na and Sb. The available data indicate that VF1 is related to the
sand and silt fractions, VF2 to the biogenic material and partly to elements adsorbed
on this material, and VF3 to the dissolved forms of mobile elements, particularly As
adsorbed on clay particles.

The content of biogenic components (primarily diatoms) is rather high. There-
fore, concentrations of some elements were recalculated to carbonate-opal-free mat-
ter (cofm) (for background and method of approach see (Nürnberg and Tiedemann,
2004). Results presented in Fig. 12.7 show a very curious regularity: the distribu-
tion of the majority of elements (without considering the dilution effect of biogenic
material) is controlled by the distribution of abiogenic material. Diatom ooze con-
tains terrigenous material derived from specific provinces (see, for example, the
distribution of Na, Sr and Sc). This terrigenous material drastically differs from the
material precipitating from sea ice or under sea-ice conditions during cold (glacial)
periods. The Ba distribution is presumably related to variations in paleoproductivity
that increased during times of accumulation of diatom oozes (Nürnberg and Tiede-
mann, 2004).

The Na concentration in the sediments at 32–36 m core depth is related to the
enrichment of sand-sized plagioclases. Besides its correlation to the CaCO3 con-
tent, Sr is concentrated in lenses of volcanic ash. Data presented in Fig. 12.7 not
only confirm the lithostratigraphic subdivision of the studied core, but also indicate
a specific composition of sediments at 44–46 m core depth corresponding to the
period of 1050–1100 ka, particularly for the distribution of Ba, Sr, and Ni. This fact
may support the enriched abundance of feldspars in the pyroclastic material.

According to (Maslov et al., 2004), an increase of the Th/Sc ratio suggests an
increase in the total acidity of rocks in the source provinces. With respect to the
Th/Sc ratio distribution, the core can be divided into three distinct intervals: (1) the
interval from the core bottom up to 28 m core depth is characterized by rather
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Fig. 12.7 Distribution of Na, Ba, Sr, and Sc in sediment core MD01-2415 (cofm – recalculated
for carbonate-opal-free matter) (Levitan et al., 2007b)
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Fig. 12.8 Distribution of Th/Sc ratios in sediment core MD01-2415 (Levitan et al., 2007b)

stable Th/Sc values (∼0.35-0.38); (2) the interval from 28 to 21 m core depth is
also characterized by stable and moderate Th/Sc values but with a wider concentra-
tions range (ca. 0.30–0.35, with a maximum value of 0.76); and (3) the interval from
21 m to the top of the section shows a distinct upward decrease in the Th/Sc ratio
(Fig. 12.8). Thus, the Okhotsk volcanic belt was a more important source
province during accumulation of the Vanin sequence compared to the Okhotomorsk
sequence.

Rare Earth Elements

Rare earth elements (REE) were analyzed in 79 samples of bottom sediments. We
could only determine concentrations of La, Ce, Nd, Sm, Eu, Tb, Yb, and Lu because
of the specific character of the INAA method. Concentrations of the remaining REE
(Pr, Gd, Dy, Ho, Er, and Tm) were deduced by calculation method.

The REE composition of the sediments is surprisingly uniform and similar to
the average composition of Pacific terrigenous sediments beyond the iceberg zone
reported in (Gurvich et al., 1980) (Table 12.3). An enrichment in the LREE, a
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distinct positive Ce anomaly, and a depletion in the MREE and HREE are clearly
shown (Fig. 12.9a). Some variations of the absolute concentration of REE, particu-
larly of La and Ce, are related to the dilution effect by carbonate and siliceous mate-
rials. It is worth to mention that the distinct negative Ce anomaly, which is typical

Fig. 12.9 REE spectra of sediments (chondrite normalized) (a), and distribution of Eu anomaly
in sediment core MD01-2415 (b) (Levitan et al., 2007b). Eu anomaly for all samples was calcu-
lated according to formula “(Eu sample/Eu chondrite)/(Sm sample/Sm chondrite)”. Those REE
are shown which were determined by INAA method; other element concentrations are calculated.
Numbers in Fig. 12.9a: sampling core depth (cm below sea floor)
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of diatoms (Dubinin, 2004), was not manifested even in the Holocene diatom ooze
with the highest content of biogenic opal because the REE concentration in the ter-
rigenous matrix is much higher than that in diatom frustules.

In order to identify the sources of the terrigenous or volcanogenic-terrigenous
material, we used a chondrite-normalization of REE compositions (Fig. 12.9a) tak-
ing into consideration the predominantly magmatic character of rock complexes in
Kamchatka, the Kuril Islands, and the Okhotsk volcanic belt. The normalized spec-
tra reflect a significant enrichment in the LREE and a moderate enrichment in the
HREE. Furthermore, the sediments usually show a negative Eu anomaly (i.e., <1.0),
except for seven samples with a positive Eu anomaly (>1.0).

Under the dominance of physical weathering in drainage basins, insignificant
concentrations of soluble REE species in the shelf water, and a lack of REE sorption
from seawater in the shelf zone, the REE composition in the bottom sediments is
probably related to the mixing of components from various terrigenous and biogenic
sources (Balashov, 1976; Gurvich et al., 1980). This assumption is also supported by
recent data on bottom sediments from the continental-margin basins (Gaiero et al.,
2004; Plank and Langmuir, 1998).

From Fig. 12.9b it is obvious that – based on the Eu anomaly – the sedimen-
tary section can be divided into two parts. The lower part (>21 m core depth) is
dominated by small amplitudes of Eu anomaly variation (average 0.3–0.5), whereas
the upper part (<21 m core depth) shows a general decrease from >1.0 (maximum
1.85) at the base to nearly 0 at the top. Typical values range from 0.4 to 1.0.

In order to interpret the Eu anomaly data in the bottom sediments, we used refer-
ence data of REE compositions in various rock of eastern and western Kamchatka,
the Kuril Islands, and the northern Okhotsk as well as other regions (Balashov, 1976;
Gurvich et al., 1980; Ivanov, 1990; Volynets, 1994) (Table 12.4).

Based on the data listed in Table 12.4 as well as Figs. 12.5 and 12.9b, mini-
mum Eu anomaly values are related to the presence of diatoms, whereas maximum
values (>1.5) are related to radiolarians. Furthermore, the Vanin sequence contains

Table 12.4 Average value of Eu anomaly in different geologic objects (composed by M.A. Levi-
tan)

Geological object Eu anomaly

Diatom-radiolarian ooze of the Indian Ocean 1.44
Siliceous diatom ooze of the Indian Ocean 0.35
Terrigenous mud of the Indian Ocean 0.43
Terrigenous mud of the Pacific Ocean 0.62
Platform clays 0.50
Earth’s crust 0.82
Granites (SiO2>70%) 0.35
Granitoids (SiO2 60–70%) 0.62
Magmatic sequences of the eastern Kamchatka 0.82
Magmatic sequences of the western Kamchatka 0.61
Island-arc tholeits 0.93
Island-arc andesites 1.10
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not only diatoms and sedimentary material transported from Kamchatka and partly
the Kuril island arc, but also a significant portion of granitic material delivered from
the Okhotsk volcanic belt. The relatively coarse-grained composition of the sedi-
ments in the study region excludes transportation by wind (Fig. 12.5). Based on the
Eu anomaly data, the Okhotomorsk sequence is most likely dominated by material
transported from western Kamchatka. The latter material was mixed with diatoms
and other substances delivered from eastern Kamchatka, the Kuril Islands, and the
Okhotsk volcanic belt. The age of sediments shows an inverse correlation with
the share of diatoms. The atmospheric circulation was very intense during glacia-
tions (Wolf, 2006) and abiogenic sediments in the studied sequence were generally
characterized by very fine-grained composition. Therefore, we cannot exclude a par-
tial eolian supply of clay material from Eurasia.

Clay Mineralogy

Based on X-Ray diffraction analysis, the following groups of layered silicates were
identified in the studied sediments: illite, expanding minerals, chlorite, and kaolinite.
The sedimentary section is mainly composed of expanding minerals and illite that
may reach up to approximately 80–90% of the subcolloidal crystalline fraction. The
group of expanding minerals includes smectite and irregular mixed-layer smectite-
illite varieties dominated by the smectite-type interlayers (60–90%). Illite mainly
presented by dioctahedral Fe-Al varieties (b = 8.95–9.00 Å), is commonly hydrated
and its content is higher in sediments of the finest fraction with subcolloidal fraction
not exceeding 50%. Chlorite commonly occurs as trioctahedral Fe-Mg variety.

In the diatom ooze developed in the uppermost, ten-cm-thick part of the sedimen-
tary section, the subcolloidal fraction is composed of virtually X-ray amorphous
material with a large halo induced by opal-A. In the underlying sediments, clay-
mineral data allow a subdivision into two sequences. The Okhotomorsk sequence
(Unit I; see above) demonstrates an upward increase in the smectite/illite ratio, par-
ticularly above 21 m core depth. The ratio reaches maximum values in the intervals
with pyroclastic lenses (Fig. 12.10). This trend is also manifested in the age pat-
tern of both diatom ooze and terrigenous-clastic sediments, although one can see
certain specific features at some places. For example, at 274, 877 and 1088 cm
core depth slight enrichments in homogeneous smectite dominated by monova-
lent Na-cation, were determined. Intervals enriched in mixed-layer phases (628,
938, and 1023 cm core depth) are dominated by bivalent cations (Ca, Mg) in the
interlayers.

The Vanin sequence (Unit II), on the other hand, is characterized by an opposite
trend, i.e., an upward decrease in the smectite/illite ratio (Fig. 12.10). Fluctuations
of the smectite/illite ratio are more distinct than in the overlaying Okhotomorsk
sequence. Furthermore, the smectite/illite ratio is sufficiently high in the pyroclastic
sequence (Fig. 12.5). Upward the section up to the Eopleistocene/Neopleistocene
boundary near 0.8 Ma, the ratio increases and reaches its maximum during MIS 20.
After a significant decrease upward the section, a clear peak of the smectite/illite
ratio was observed at 0.65 Ma. Then, the ratio again decreases up to the top of the
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Fig. 12.10 Distribution of
smectite/illite ratios in
sediment core MD01-2415
(Levitan et al., 2007b)

sequence. Based on our data, the smectites can be divided into two types. The type-
1 smectite represents a product of transformation processes occurred in lenses of
coarse-grained volcanic ash. The type-2 smectite is related to weathering and soil
products of continental crust. Samples with a high content of expanding minerals
sometimes found in the coarse-grained sediments, are dominated by uniform smec-
tite structures (mixed-layer phases are subordinate). The concentration of illite is
anomalously high (55–88%) in some samples (e.g., at depths of 3000–3200, 3348,
and 4098 cm). Moreover, illite has a more perfect structure, and Fe concentration
in octahedra is high. In general, the illite content shows a weak positive correlation
with the chlorite content. Correlation with kaolinite is less evident.
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Thus, in summary, our lithostratigraphy, chemistry, and mineralogy data from the
whole sedimentary section support its subdivision into the Okhotomorsk and Vanin
sequences.

A comparison of the records of the Eu anomaly and smectite/illite ratio
(Figs. 12.9b and 12.10) revealed an interesting trend. The detailed analysis allowed
to separate two zones. Zone 1 is characterized by synchronous variations of both
records (i.e., a positive correlation between the Eu anomaly and the smectite/illite
ratio), whereas zone 2 is marked by an opposite trend (i.e., a negative correlation
between both parameters). Periods with positive and negative correlations can be
divided into four stages: (1) 1.1–0.96 Ma; (2) 0.96–0.52 Ma; (3) 0.52–0.35 Ma;
and (4) 0.35–0 Ma. This subdivision virtually matches the classification proposed
by (Mudelsee and Schulz, 1997), according to which the Earth’s climate history
was marked by a Middle Pleistocene transitional period (“Mid-Pleistocene climate
shift” between 0.95 and 0.55 Ma) from an epoch dominated by the 41-ky-cyclicity
of obliquity (until 0.95 Ma B.P.) to an epoch dominated by the 100-ky-cyclicity of
eccentricity (after 0.55 Ma B.P.). The termination of the Middle Brunhes climate
transition (0.35 Ma) is also expressed in our record.

Discussion

A stratigraphic correlation of the Vanin sequence with records from the surrounding
land is hampered, because the latter is poorly studied. The abundance of coarse-
grained sediments that probably derived from the Okhotsk volcanic belt supports a
rather high erosion rate in this source province.

The gravelly-sandy sequence accumulated between 0.92 and 0.84 Ma might
be correlated with the Enemtem conglomerates and sandstones of western Kam-
chatka (Svitoch, 2003). A. Svitoch divides the recent geological history of the
Kuril Islands into the Eopleistocene-Early Neopleistocene and Middle-Late Neo-
pleistocene stages. The first stage is characterized by the general subsidence and
extensive effusion of basaltic-andesite lava. This may be reflected in the lenses of
volcanic ash and layers described above. Volcanic eruptions were particularly dra-
matic 1.1–1.05 Ma ago. Despite the development of glaciations, glaciers did not
exist on the Kuril Islands. The present mountain topography of the island ridge has
been developed during the period of tectonic uplift and volcanic eruptions of the sec-
ond stage (Svitoch, 2003). The major mountain glaciations took place in the Middle
and, particularly, Late Neopleistocene.

Thus, the stratigraphic boundary between the major stages of the Quaternary
geological evolution of the Kuril Islands coincides with the Okhotomorsk/Vanin
boundary. The composition of clay minerals suggests that the Vanin interval was
characterized by a southward shift of the gyre mentioned above in accordance with
the general trend of climate variations in the North Pacific toward more extreme
glacial conditions (Jansen et al., 1986). It is worth to mention that the diatom data
also indicate a southward shift of the Subpolar Front of the Sea of Okhotsk at
approximately 1 Ma (Sancetta and Silvestri, 1986). The period of 1–0.8 Ma was
marked by “significant fluctuations from intensely stratificated cold water masses
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with contrasting seasonal patterns to less extreme (but still cold water) conditions”
(Matul, 2005, p. 261). The southward shift of the Subpolar Front is also recorded in
the North Pacific 0.8–0.7 Ma (Sancetta and Silvestri, 1986). At the same time, the
gyre was presumably subjected to sporadic short-term SW-oriented shifts at 0.95,
0.7, 0.62, and 0.4 Ma.

According to (Matul, 2005), the continuous occurrence of radiolarians in the
sedimentary section of Core MD01-2415 indicates that the Sea of Okhotsk has
never been completely covered by ice in the study region. The Vanin sequence
developed during period of active water exchange with the Pacific during relatively
warm intervals. However, paleoproductivity and intensity of vertical circulation both
were appreciably lower relative to the later period, probably due to lesser climatic
fluctuations.

In general, paleoproductivity reconstructions based on the content of biogenic
opal, CaCO3, and TOC, as well as the excess of Ba and chlorines (Nürnberg and
Tiedemann, 2004), suggest periods of distinct intensification during times of accu-
mulation of the Okhotomorsk sequence, especially during interglacials and across
terminations (Fig. 12.11). Major subaerial explosions occurred at 0.35–0.3 Ma.
According to data provided by (Sancetta and Silvestri, 1986), the Middle Brunhes
transition took place 0.425–0.3 Ma and is characterized by a distinct glacial cyclic-
ity and more extreme glacial conditions in the entire North Pacific (Jansen et al.,
1986).

New primary production during the Holocene and MIS 9 is estimated to be
about 110–140 g C/m2/yr (Nürnberg and Tiedemann, 2004), which approximately
matches the present data. The coincidence of peaks of primary productivity and
maxima of accumulation rate of terrigenous material (Fig. 12.11) indicate the cru-
cial role of biotransport for the accumulation of abiogenic material at the seafloor.
Furthermore, our lithological and geochemical data suggest that the major part of
the time interval represented in the sedimentary record of Core MD01-2415 was
marked by glaciomarine sedimentation with sea ice as the main transport agent.

The relatively coarse-grained clastic material could enter sea ice (or settle on its
surface) in the area of pack ice near cliffs. Large particles of surface sediments could
be entrained by anchored ice along sea coast. Cryozoles were primarily released and
accumulated at the seafloor during thawing of ice during summer. Some mountain
glaciers, however, probably served as outlets during intensive sea-level rises in the
Okhotsk region in the second half of Middle Neopleistocene (Anan’ev et al., 1984;
Svitoch, 2003), e.g., during MIS 7. This conclusion is supported by the abundance
of coarse material (probably IRD) in the MIS 7 sediments.

Of course, we cannot rule out a significant influence of atmospheric circulation
in the Siberian Maximum in the formation of sea ice in the Okhotsk Sea during
cooling episodes (Nürnberg and Tiedemann, 2004). Geochemical and mineralog-
ical data, however, indicate that Kamchatka, the Kuril Islands, and the Okhotsk
belt rather than Central Siberia served as the major source provinces for the Sea
of Okhotsk. The situation has changed during interglacials and terminations: active
water exchange with the Pacific fostered not only the increase of paleoproductiv-
ity owing to upwelling and diatom ooze accumulation and a much higher role of
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oceanic flora in diatom assemblage (Barash et al., 2003), but also the input of spe-
cific oceanic terrigenous suspension characterized by processes of geochemical dif-
ferentiation of mature pelagic type. Clay mineral data indicate that the core of gyres
has successively propagated northward during the last 400 ky, and the role of the
Kuril Islands and western Kamchatka as source provinces has gradually increased.

Of special interest is the relationship between the changes in sedimentation pro-
cesses described above and the global climate variations. Figure 12.12 illustrates
recent results of the ice sheet drilling at the EPICA Dome C area of Antarctica
(Brook et al., 2006). Figure 12.12a shows that variations in atmospheric tempera-
ture (based on oxygen isotopes) and concentrations of greenhouse gases (particu-
larly CH4) in Greenland and Antarctica demonstrate an amazing similarity during
the last 90 ka. Figure 12.12b shows analogous similarity in the behavior of temper-
ature (based on deuterium) and CO2 in the Antarctic atmosphere over the last about
650 ka. The Middle Brunhes event (415 ka) is very well expressed in both plots. The
earlier (>90 ka) stage of the Pleistocene could also be marked by global variations
in the atmospheric circulation. According to (Liciecki and Raymo, 2005), the Mid-
dle Brunhes event is less prominent in the average global oxygen-isotope record of
benthic foraminifers (Fig. 12.12b).

Thus, climate changes related to the integral impact of fluctuations of the Earth’s
insolation and orbital parameters (Bol’shakov, 2003) could have affected sedimen-
tation in the Sea of Okhotsk mainly by fluctuations of atmospheric temperature and
circulation. The temporal coincidence of the global Middle Brunhes event with the
regional event in the evolution of the Kuril Island fostered notable changes in the
provenance and the paleocirculation of surface waters in the Sea of Okhotsk.

According to (Shackleton, 1995), the period dominated by 41-ky fluctuations of
obliquity has changed to the period dominated by 100-ky fluctuations of eccentricity
approximately at 0.950 Ma. The transition period (final episode of the Middle Pleis-
tocene Revolution) continued until 0.55–0.60 Ma (Mudelsee and Schulz, 1997). It
is of interest that sediments accumulated during the transition period in the studied
sedimentary section were enriched in sand fraction (Fig. 11.1).

Analysis of the material from the long sediment core MD01-2415 retrieved from
the central northern Sea of Okhotsk allowed to divide the sedimentary section into
the Okhotomorsk and Vanin sequences. They have accumulated during two major
stages of geological evolution of the study region. The boundary between both
sequences crossed the Early/Middle Neopleistocene (the so-called Middle Brunhes
event). This boundary actually fits the boundary between the major evolution stages
of the Kuril Islands (Svitoch, 2003).

The Vanin sequence is characterized by a combination of cyclicity and evo-
lutionary trends with short-term episodes of explosive volcanism in the adjacent
continental blocks (Kamchatka and the Kuril Islands). The cyclicity is expressed in
glacial-interglacial rhythmites with the accumulation of diatom clays during warm
(interglacial) intervals and the accumulation of sandy-silty clays during the cold
(glacial) episodes. The trend is reflected in the upward decrease of the smectite/illite
and Th/Sc ratios. We believe that the Okhotsk volcanic belt served as the main
source province of volcanogenic-terrigenous material. This material (particularly
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Fig. 12.12 Changes of
oxygene-isotope composition
and concentrations of
greenhouse gases in ice cores
of greenland and Antartic
(Brook et al., 2006) for the
last 90 ka (a) and for the last
750 ka (b) in comparison to
the global benthic oxygen
isotope stack from (Liciecki
and Raymo, 2005). (b)
(Levitan et al., 2007b)

its coarse-grained fraction) was primarily transported by sea ice. The gyre shifted
in the southern direction with occasional south-eastern convergence (Fig. 12.11).
Climatic distinctions between warm and cold intervals were insignificant.

Similar to the Vanin sequence and the Quaternary sedimentary section in gen-
eral (Markov, 1986) the Okhotomorsk sequence is characterized by combination
of cyclicity, evolutionary, and regional (in our case, explosive) effects. Among
orbital cycles, cycles related to the 100-ky cyclicity of eccentricity play the
major role (Nürnberg and Tiedemann, 2004). However, the Okhotomorsk sequence
also demonstrates more contrasting distinctions between sediments of interglacial
(diatom ooze) and glacials (mainly silty clays with coarse-grained admixture).
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Increased paleoproductivity occurred because vertical water circulation enhanced;
upcore it was an increase of Sm/Ill ratio and decrease in the Th/Sc ratio and Eu
anomaly. It means the increasing role of Kuril Islands and Kamchatka as source
provinces. As during the previous period, abiogenic matter was primarily trans-
ported by sea ice during cold intervals, although the role of icebergs cannot be ruled
out for MIS 7 (Fig. 12.11). Warm intervals favored the intense water exchange with
the Pacific Ocean. This environment intensified not only the horizontal circulation
with the activation of the Kamchatka Current, but also the vertical circulation with
formation of dichothermal waters and the intensification of primary productivity.
In general, gyres successively shifted northward, probably due to changes in the
circulation pattern after the uplift of the Kuril Islands.

In the second half of the Middle Neopleistocene, Late Neopleistocene, and
Holocene, the volcanogenic-terrigenous material delivered from the Kuril Islands
and southern area of western Kamchatka played a more important role in the sed-
iment accumulation. Erosion of the Okhotsk volcanic belt during the second stage
was less intense than during the first stage.

The Sea of Okhotsk is not a unique basin from the point of view of the
strong influence of climatic (atmospheric) changes on sedimentation. Very simi-
lar results were obtained in the course of high-resolution paleoclimatic investiga-
tions of Quaternary bottom sediments of intercontinental lakes, such as Lake Baikal
(Prokopenko et al., 2001) and marine continental margin basins, such as the South
China Sea (Huang et al., 2005) and the Bering Sea (Wang and Chen, 2005). Marine
geologists have long been aware that Quaternary fluctuations of temperature and
atmospheric circulation play a crucial role in the sedimentation history of large
upwelling zones.

We realize that many issues stated in the present paragraph have been insuf-
ficiently discussed, because many aspects of Quaternary geology of continental
blocks surrounding the Sea of Okhotsk have been so far poorly studied. Never-
theless, we believe that our data from the (in terms of length, age, and continuity)
unique sedimentary section of Core MD01-2415 recovered from the northern Sea
of Okhotsk can stimulate further investigation of its regional features.



Part III
The Late Pleistocene Paleogeographic

Events of Northern Eurasia and History of
Sedimentation in the Subarctic Seas and

the Arctic Ocean in Relation to the
Northern Hemisphere Glaciation during

the Last Climatic Cycle

The distinctive features of the Late Pleistocene and Holocene times are global and
short-term climatic changes established by the modern methods. No special substan-
tiation is required for the subglobal extent of the Eemian, or Mikulino-Kazantsev,
Interglaciation, which has been recorded both in Eurasia and in North America and
Greenland. In the eastern coast of Greenland marine and fluvial sediments were
referred by means of biostratigraphic data to the Langelandselv Interglaciation cor-
relative with the Eemian. In northern Canada, the interglacial deposits of the Colli-
sion Cape (the Banks Island), the Missinaibi Formation of the Hudson Bay, and the
Kogalu Formation of the Brighton Cape (the Baffin Island) are correlated with the
Eemian.

In spite of differences in natural environment, climatic conditions of all mentioned
areas were close to or even warmer the present-time ones.



Chapter 13
Characteristic Features of the Mikulino
Landscapes

Studies of paleolandscapes and paleoclimates of European Russia revealed some
specific features of different regions.

In the central and northern regions, the forest landscapes dominated over the
entire Mikulino Interglacial. Moreover, in the initial and terminal phases of the vege-
tation development (palynozones M1, 2, 7, 8 of V.P. Grichuk (1989)) forests grew all
over European Russia. Birch and pine (M1) forests were later replaced by fir ones
(M2). Pine-fir forests prevailed in the southern regions and pine-birch forests with
Betula nana dominated in the north (Pleshivtzeva, 1972). At the end of the inter-
glacial forests of the central regions demonstrated a backward succession of the
same types: pine-fir and fir forests (M7 is the upper maximum of fir distribution)
were succeeded by pine-birch ones (M8). The amount of Betula nana was increased
in the north.

The optimum phases of the interglaciation (M3–6) were characterized by essen-
tial differences in composition and structure of vegetation in the European Russia
regions. In the central regions there was the consecutive-temporary culmination of
the broad-leaved forests formed by oak, elm, linden, and hornbeam. A high percent-
age of pollen of filbert and alder-tree was recorded for M4–M5 (Grichuk, 1989).

In the northern regions (the Arkchangelsk and Leningrad regions and Karelia)
boreal forests prevailed with participation of broad-leaved species, significant role
of birch, and permanent presence of fir. The culmination of alder phase was fixed in
spectra from all known sections. A shift of the alder phase to the north was shorter
and less pronounced than to the south.

In the east, in the Dvina-Pechora and Kama floristic regions, the forests of
the interglacial optimum were composed of alder, filbert, broad-leaved species,
increased amount of pine and fir, and noticeably reduced participation of birch.

Thus, in contrast to the central regions where the broad-leaved forests were
dominating, the northern regions were characterized by the southern taiga vege-
tation with permanent but variable participation of broad-leaved species. The zone
of tundra was absent. In the western regions birch and fir were dominating forest-
forming species, whereas in the eastern regions the role of pine and fir was consider-
ably greater. Paleolandscape differences were also recorded in the southern regions
(Spiridonova, 1991), along the sublatitudinal profile approximately at 52◦N.

M.A. Levitan, Y.A. Lavrushin, Sedimentation History in the Arctic Ocean and Subarctic
Seas for the Last 130 kyr, Lecture Notes in Earth Sciences 118,
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In spectra from the Doroshevichi outcrop at the Pripyat River pollen of alder
and filbert amounts to 80% and 40% respectively. Participation of alder pollen does
not exceed 30% in spectra from the Borkhov section at the Dnepr River because of
very dry climate, whereas the filbert participation is still noticeable (to 23%) and
confined to the maximal distribution of linden. In the Seim River basin of the Kursk
area the role of linden and other wood species is decreased; the high participation of
mesophilic grasses is recorded. This suggests a warming event and initial formation
of steppe landscapes during the interglacial optimum in this region.

Thus, from the west to the east some aridization of climate and changes of forest
landscapes at least into the forest-steppe ones has been documented.

To the south, in the region of Pavlovsk, forests of birch, pine, oak, and linden
grew at the beginning of the interglaciation (Spiridonova, 1991). Grass-gramineous
associations played a leading role in the flat interfluves (plakor). Balka-forests (M2)
included firs. Later (M3) steppes with associations wormwood-gramineous vege-
tation and Chenopodiaceae were widely spread. The latter plants flourished in
the Mikulino Interglacial optimum. Then the gramineous-wormwood associations
appeared again were changed by grass vegetation.

The terminal phase was characterized by development of the broad-leaved–pine
and broad-leaved forests of oak, less frequently of linden and elm; some role was
played by gramineous–grass steppe associations.

Thus, the Mikulino optimum was marked by the important paleogeographic
event. The hyperzonation of the southern taiga associations growing in large areas
of the Russian Plain gave way to the latitudinal zonation of landscapes. Its main ele-
ments were the southern taiga landscapes in the northern regions, moderate forests
at the Ilmen Lake and in the Volga-Oka interfluve, broad-leaved forests in the central
regions, and steppe landscapes indicating semiarid environments in the south and the
southeast. Such type of the latitudinal zonation was not a full analog of the modern
zonation. It did not include zones of tundra, forest-tundra, desert, and semidesert.
So, the latitudinal zonality of the Mikulino time can be regarded as the reduced
type. Analysis of the general trend of the Mikulino paleolandscape alterations sug-
gests a single optimum of the interglaciation without any additional or subordinate
peaks of cooling and warming in the central and northern regions. In the southeast-
ern regions a general pattern of landscape-climatic succession was more complex,
as it was noted above.

Landscapes of the northern regions of European Russia demonstrated specific
conservatism. The southern taiga landscapes did not undergo any essential changes
during the interglacial optimum. Certain successive changes in broad-leaved forests
took place in the central regions. Wide distribution of peat bogs and lacustrine sedi-
ments evidences of lake-boggy landscapes in these regions.

In the southern regions semiarid environments with characteristic steppe and
forest–steppe landscapes and participation of broad–leaved species, especially in
the river valleys, began to form in the interglacial optimum. Summarized available
data allows conclusion that landscapes of southern European Russia acquired spe-
cific features under the influence of the Mediterranean air masses. The wide distri-
bution of the boreal forests over the vast central and northern regions may indicate a
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decreasing effect of the Atlantic air masses and a growing influence of the Siberian
anticyclone.

Finally, it is necessary to consider a debatable problem of thicknesses of the
Mikulino deposits, duration of the interglaciation and, correspondingly, lifetime of
the reconstructed landscapes. It should be reminded that the duration of the Eemian
(Mikulino) Interglaciation was estimated as 20–25 or 35 ka by the U-Th method and
as nearly 70 ka by the EPR method (Molodkov and Raukas, 1998a, 1998b; Kruk
et al., 1998; Urban, 1998; Muhs, 1998). According to the estimations of 20 ka, the
Eemian Interglaciation is commonly accepted to correspond to the isotopic stage 5e.
However, the larger part of the Mikulino sequence in the central regions of European
Russia, to which the “standard” palynological diagram with the corresponding paly-
nological zones was applied, was recognized inside the lacustrine-boggy sediments
up to 4–5 m thick. The peat is poorly consolidated. A question naturally arises about
reasons of the low rate of peat accumulation, although the climatic conditions did
not inhibit the increase in thickness. To answer the question, it is necessary to show
what portion of the interglacial can be characterized by the Mikulino “standard” dia-
gram. Figure 1.1 shows some oxygen–isotope data obtained for the Greenland ice
sheet. It is clearly seen that the Eemian Interglaciation has more complex structure
than one can imagine from the palynological spectra. However, it remains unclear,
what exactly is reflected by numerous peaks of the Eemian. We do not know whether
they are due to climatic fluctuations or redistribution of isotopes reflecting plastic
flows of alternating melt and subsequently frozen waters. In other words, do many
peaks reflect processes of dynamic metamorphism of ice? The problem is undoubt-
edly of significant interest. It is still impossible to solve it on base of available data.



Chapter 14
Results of Paleoclimate Studies

Application of physical and biostratigraphic methods enabled establishing short-
term climatic fluctuations in the Late Pleistocene and Holocene in the Arctic lat-
itudes. It is still impossible now to reconstruct their succession and scale. Never-
theless, some of them are of great interest, since they give an idea about the high
climate dynamics stemmed from migration and influence of different air masses as
well as the ocean level fluctuations. As noted above, the macrofauna records the
short-term invasions of the Arctic waters into the paleoshelf areas immediately after
and before the Boreal transgression. The invasions brought about climatic coolings.
Similarly, invasions of the Atlantic water caused the short-term warmings.

For example, the recent investigations of the Arctic Ocean revealed several short-
term warming episodes in the Middle Pleistocene and the Eo-Valday. During the
last interglacial and the Holocene climatic optimum the temperature rise was so
significant that materials obtained from the Lomonosov Ridge suggest existence
of seasonal sea ice (Nowaczyk et al., 1992). In the Barents Sea no glaciomarine
sediments were accumulated during the Holocene climatic optimum, and a zone of
the winter sea ice was very limited. At the same time glacial cupolas may disappear
in the Franz-Joseph Land (Lavrushin et al., 1990).

Dynamical climatic changes in Greenland and the Norwegian Sea were caused
by the temporal-spatial distribution of surface waters. Penetration of the Atlantic
waters brought about climatic conditions close to the interglaciation ones in the
time intervals corresponding to MIS 5a and MIS 1. Short-term intrusions of warm
Atlantic water were recorded for MIS 5d; MIS 5c; and MIS 3. Cold glacial and,
partially, interstadial climatic situations correspond to MIS 5b; MIS 4; and MIS 2
(Henrich, 1998). Sometimes surface water temperatures fell by 8–10◦C in the North
Atlantic (Ruddiman et al., 1986).

The distribution of the warm Atlantic surface water masses caused sea ice melt-
ing of different intensity, as illustrated well by data from the Norwegian-Greenland
basin. In the paleo-Gulf Stream zone significant amounts of melt waters occurred
in the time spans corresponding to MIS 1; MIS 5a; and MIS 5e. The ice melting
was substantially less significant at the same time spans in the north of the Green-
land Sea and the Fram Strait (Baumann et al., 1995). These facts are indicative of
regional variations of climatic changes in the Arctic regions.

M.A. Levitan, Y.A. Lavrushin, Sedimentation History in the Arctic Ocean and Subarctic
Seas for the Last 130 kyr, Lecture Notes in Earth Sciences 118,
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Fig. 14.1 Surface currents during the Eemian Interglaciation (Haake and Pflaumann, 1989). a –
currents of MIS 5e beginning; b – currents of MIS 5e end. Area of distribution of pack sea ice in
the Vøring Plateau area is hatched

Studies in the Fram Strait allowed dating the glacial events in Spitsbergen as
140–130, 112–110, 75–50 and 20–10 ka ago.

The paleoceanographic data (Fig. 14.1) on rapid changes in the oceanic currents
at the Vøring Plateau, Norway (Haake and Pflaumann, 1989) are of interest. The
authors reconstructed a system of oceanic currents on the base of thorough analysis
of foraminiferal assemblages. So, the Gulf Stream which played the role of peculiar
“stove” not only for Europe, but also for the Arctic latitudes, underwent serious
changes during 4 ka. This caused considerable climatic changes at least in the Arctic
shelf seas and decreased a role of floating sea ice in sedimentation (Chistyakova,
1997).

The oxygen–isotope studies of foraminifers from the Mikulino sediments of the
Arkhangyelsk region suggest positive temperatures of bottom waters in this paleo-
basin (Lavrushin et al., 1990; Khoreva et al., 1991). The published paleogeographic
reconstructions (Lavrushin and Spiridonova, 1995; Pleshivtzeva, 1972) are based on
palynological data and do not deal with paleoclimatic indices.

In general, noticeable temperature rises occurred in the Eemian (Mikulino) Inter-
glaciation in the high latitudes: in winter by 10–12◦C, in summer by 6–8◦C. Accord-
ing to I. I. Borzenkova, in the high latitudes the temperature difference between the
Eemian and the present time reached 7.6–4.8◦C in summer and 8.0–6.5◦C in winter
(Zubakov, 1986). At that time the climate was less continental.

The Late Pleistocene climatic variations are usually defined by the position of the
Polar Front in the western Arctic regions. The works of the Scandinavian researchers
in the northeastern part of the Norwegian Sea showed intensive and long shifts of
the Polar Front during the last 50 ka. There was an open basin at MIS 3, the Polar
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Front and a zone of mixture the Arctic and Polar water masses at the MIS 3–MIS 2
boundary, and an ice-free basin 20–15 ka ago.

Studies of the complicated post-Eemian history of the Scandinavian ice sheet
were carried out by the international scientific team (Baumann et al., 1995), who
developed a new concept of the ice sheet dynamics by analyzing moraines and sec-
tions of the bore holes drilled in the Norwegian Sea (IRD and CaCO3 content). They
distinguished two stages of the ice sheet growth in the Early Valday, which corre-
spond to MIS 5d and MIS 5b and are separated by the Brerup Interstadial (MIS 5c).
The end of the Early Valday is correlated with the Redestall Interstadial (MIS 5b).
In the Middle Valday the ice sheet experienced a noticeable growth 63–54 ka ago
(the growth began at MIS 4 and reached a maximum at early MIS 3) and 47–43 ka
ago (MIS 3; the Lashamp–Olbi paleomagnetic event). The Olesunn Interstadial is
fixed 38.5–32.5 ka ago. The beginning of the Late Valday glaciation is related to the
terminal Middle Valday (Fig. 14.2).

According to the published map of I. I. Borzenkova (Zubakov, 1986), 18 ka ago
the deviation of summer temperatures from the present-time ones was different in
the western and eastern high latitude Arctic regions. The greatest deviation was
recorded in the West Arctic, where it ranged from –22 to –18◦C in the Canadian-
Greenland sector. Temperature of the North Atlantic surface water was 6–10◦C
lower than the present-time one, and the sea ice cover was extended up to 50◦N.

Detailed chronostratigraphic studies in the Severnaya Zemlya revealed that in
the Late Pleistocene a considerable growth of ice sheet occurred 120–170, 70–80,
12–19 ka ago (Makeev et al., 1992).

The mentioned map shows that 18 ka ago summer temperatures in the eastern
part of the Arctic deviated by 12–10◦C from the present-time ones. Thus, in this
region during the last glaciation the annual temperature was lower than the present
one by approximately 10–12◦C.

Thus, the Late Pleistocene climate of the Arctic regions was characterized by
periodic development and disappearance of continental and sea ice cover as well as
variable thickness of subsurface glaciation. The development of continental glacia-
tion coincided with glacioeustatic regressions, and its degradation was synchronous
with glacioeustatic transgressions.

Subsurface glaciations gave rise to permafrost deposits of considerable thickness.
There are different manifestations of the glaciation. The most impressive are thick
ice veins. Climatic conditions of their formation are interpreted in different ways: on
the base of “emotions” and oxygen-isotope data. The former interpretation suggests
that the thick syngenetic ice veins were formed at winter temperatures of –70 and
even –100◦C, but according to the oxygen-isotope data, winter temperatures were
5–15◦C lower than the present-time ones (Vasilchuk et al., 1985). In the seaside
lowlands of Yakutiya the warmings caused thermokarst processes (Lavrushin, 1963)
while the coolings increased thickness of frozen ground.

The terminal Late Pleistocene (the Late Glacial) was characterized by the most
intensive climatic fluctuations of short time, which reflected extreme instability
of environments. Climatic changes of low taxonomic rank were recorded for the
interval of 15–11 ka ago in the western part of the Arctic Ocean and the adjacent



340 14 Results of Paleoclimate Studies

Early Visla
Late
Visla

F
ig

.1
4.

2
St

ad
ia

l-
in

te
rs

ta
di

al
ev

en
ts

of
th

e
L

at
e

Pl
ei

st
oc

en
e

in
th

e
W

es
t

Sc
an

di
na

vi
a

an
d

th
ei

r
re

fle
ct

io
ns

in
se

di
m

en
ts

of
th

e
ad

ja
ce

nt
sh

el
f

(c
al

.a
ge

sc
al

e)
(B

au
m

an
n

et
al

.,
19

95
)



14 Results of Paleoclimate Studies 341

Fig. 14.3 Climate changes in
the West Arctic between
15 000 and 11 000 years ago
(by Yu.A. Lavrushin)

seas (Fig. 14.3): warming episodes occurred 14600, 14200, and 13200 years ago
(Karpuz, 1992) and the lowest temperatures of surface water masses was fixed for
the intervals of 12900–12800, 12500–12400, 12300–12000, 11900–11500 years
ago (the terminal Bølling – Allerød and the Younger Dryas) (Karpuz and Jansen,
1992).

The complex studies of bottom sediments in the central part of the Arctic Ocean
allowed reconstructing the paleoceanographic environments of the Late Quaternary
deglaciation (Stein et al., 1994a). Analyses of δ18O, AMS 14C of N. pachyderma
tests as well as geochemical and sedimentological studies of the Gakkel and
Lomonosov ridges and the Amundsen Basin found out considerable supply of melt
waters 15700 and 7200 cal. yrs. BP. These data are well consistent with the tem-
perature rises, degradation of continental ice covers and reduction of frozen ground
areas in the periglacial regions in Northern Eurasia, Canada, and Alaska.
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In the Younger Dryas the Arctic conditions existed in the Greenland-Norwegian
Basin. In northern Norway the advances of glaciers were recorded for the Younger
Dryas (10.4 and 11.2 ka ago) and the glacier shifts occurred during the Holocene
deglaciation (10.2–10.1; 9.9; 9.6; and 9.3 ka ago) (Andersen et al., 1995). In Green-
land sharply unstable climatic environments existed 14–10 ka ago.

The dynamic glacial events took place in the Franz-Joseph Land. Glaciers almost
completely disappeared in the Allerød and revived in the Younger Dryas (Rubini′s
stage) (Grossvald et al., 1973).

The Late Glacial climatic events in Eurasia can be described only in fragments.
As showed by A.A. Velichko et al. (1994) and V.A. Klimanov (1994), in Taimyr the
mean temperatures of July and January were close to the present-time ones during
the Allerød phase and 2–3◦C lower in the maximum of the Younger Dryas cool-
ing; precipitation being less by 100–150 mm. In the Sverdrup Islands the Allerød
period was distinguished by higher summer temperatures and lower winter tem-
peratures. Periglacial flora prevailed there during the Younger Dryas. The seaside
lowlands of Yakutiya were covered 14–15 ka ago by the Arctic tundra vegetation,
i.e., bushy tundra and forest-tundra during the Allerød period and dominating tundra
landscapes during the Younger Dryas. In the Kotelny Island there existed shrubby
vegetation 12200–12500 years ago, while the long interval of 12.2–10 ka ago was
characterized by more continental climate, increasing amount of xerophytes, and
by disappearance of tree pollen from spectra. All available data on the Allerød–
Younger Dryas climatic fluctuations were summarized in the cartographic form by
V.A. Klimanov (1994).

The short-term climatic changes in the high latitudes were described in many
publications. It is impossible to observe all of them herein. Therefore attention
should be focused on reconstructed quantitative indicators of paleoclimatic con-
ditions and on qualitative characteristics of inadequately studied events and regions.

One more point should be kept in mind when considering the Holocene climate
variations. Unlike the climatic events of the time intervals described above, those of
the Holocene lasted several hundred years (or less). Therefore taxonomically they
can be referred to microclimatic events. Nevertheless, their effect may be of not only
regional, but also a global scale.

The isotope-biostratigraphic studies in the North Atlantic revealed that short-
term drops of surface water temperature occurred approximately 8200, 5800 and
1400 cal. yrs. BP. The importance of these data lies in the fact that the West Arctic
has been experienced and experiences now a powerful influence of both Arctic and
Atlantic air masses. Therefore these data can contribute to genetic interpretation of
the climatic events.

A warming event took place in the Boreal. The Gulf Stream penetrated into the
Bear Island area of the Barents Sea. The forest taiga vegetation prevailed on the
Pechora Sea coast (Spiridonova and Lavrushin, 1997). Mean temperatures of July
and January rose by 3–4◦C and 2–3◦C respectively in Taimyr. The warming was
also recorded in the eastern areas excluding the Kotelny Island.

A lack of materials prevents subdivision of the Atlantic and other phases of the
Holocene into climatic episodes. The most noticeable warming occurred about 5000
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years ago (Svendsen et al., 1992). In Spitsbergen, plant remains from the lacustrine
sediments suggest that mean temperatures of July in the interval of 3000–4000 years
ago were 1–2◦C higher than the present ones.

This interval in the Barents Sea can be described only in general terms. Here a
warming brought about almost complete disappearance of sea floating ice even in
wintertime (Lavrushin et al., 1990), as inferred from very small content of IRD in
bottom sediments of this age (Fig. 14.4).

A complicated concept of the Holocene glacial events in the Franz-Joseph Land,
which were caused by climatic changes, was developed by M.G. Grossvald et al.
(1973). The reduction and even complete disappearance of glaciers was hypothe-
sized for the interval of 8.5–2.5 ka ago. A cooling and formation of glacial cupolas
(the Sedov Stage) are assumed to be about 2.5 ka ago. A short-term degradation
of glaciers approximately 1000 years ago was succeeded by their advance (the
Victoria Stage). A temperature rise up to +3◦C was reconstructed for the area of

Fig. 14.4 Structure of coastal late glacial terraces (Lavrov and Potapenko, 2005). a – location
of main sedimentary sections; b – terrace structure: 1 – peat, 2 – peat under moraine deposits,
3 – sand, 4 – sand with gravel and pebble, 5 – boulder clays, 6 – flow till, 7 – sand and silt (“kame”
sediments), 8 – limestone, dolomite, 9 – clay, siltstone
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Khaipudyrskaya Inlet and Taimyr. This warming was less pronounced in northeast-
ern Asia, probably because of influence of the Arctic air masses but the climatic
situation was far from stable (Velichko et al., 1994).

In the marine environments the Holocene optimum is usually related to intensi-
fication of the Atlantic waters advection (in particular, a rise of their volume and
temperature). The optimum was pronounced 8.7–7.7 cal. kyrs. BP in the coastal
waters of western and northern Spitsbergen (Salvigsen et al., 1992), 7.8–6.8 cal.
kyrs. BP in Franz Victoria Trough (Duplessy et al., 2001), 8.0–7.3 cal. kyrs. BP in
the Kara Sea (Stein et al., 2002b), 9.5–5.5 cal. kyrs. BP in the Chukchi Sea (a peak
around 8.0). The penetration of the Atlantic waters into the Laptev Sea 10.7–9.2 cal.
kyrs. BP (Polyakova et al., 2005) may cause a warming in the Preboreal. Ostracod
records from the central area of the Arctic Ocean indicate that a layer of the interme-
diate Atlantic waters increased in thickness upward in the Middle Holocene (Cronin
et al., 1995).

In the Early Subboreal the global cooling caused a sharp change in the cli-
matic conditions of the regions studied. In the Barents Sea the hydrological pic-
ture became similar to the present-time one. As a result, the cold East Spitsbergen
current appeared. The influence of the Atlantic air masses and, correspondingly,
the Gulf Stream was brought to the minimum, whereas the effect of the Arctic air
masses increased. Tundra landscapes spread widely along the Barents Sea coasts
(Spiridonova and Lavrushin, 1997). The Early Subboreal cooling was pronounced
in all Arctic regions.

Repeated climate variations during the Subboreal and Subatlantic are also
recorded in the Arctic latitudes of Eurasia. Their quantitative parameters varied
between different areas. A possible general trend is a climate warming between
4 and 3 ka ago, which was fixed by many authors.

Very few data were accumulated on the climatic changes in the last millennium.
Of interest are results of studying the glacier shifts in the north of Spitsbergen. For
the last 2500 years five short episodes of glacier advance have been established
there (Fürrer and Stapfer, 1991; Fürrer, 1992). Comprehensive studies of bottom
sediments of the Russkaya Gavan’ (the fjord on the western coast of Northern Island
of the Novaya Zemlya Archipelago, into which the outlet the Shokalsky Glacier
falls), revealed two advance–retreat cycles of this glacier during the last millennium:
1400–1700 years ago and since 1700 until the present time (Zeeberg et al., 2003).



Chapter 15
Particularities of Sedimentation Processes
Within the Continental Blocks and Marine
Basins

Deglaciation Peculiarities

The fundamental differences in the processes of sedimentogenesis appear in the
studied environments at the stage of glacial cover degradation. At this time the
glacioeustatic transgression had a significant effect on the process of degradation
in the limits of glacial shelves that actively acted on the destruction of the ice cover
which waters penetrated through the cracked zones, formed bays with the ice shores,
and thus contributed to the breakdown of the lateral part of the ice massif. Accumu-
lation of glacioturbidites of different type and also the sediments of the slurry flows,
which are connected with avalanche sedimentation of varve-like rhythmic-layered
sediments, has occurred in the Late Glacial period (Chistyakova and Lavrushin,
2004).

Several factors acted on land to influence acceleration of the glacier degradation.
The first one is the above noted surge development in a number of areas along the
European North. The second one is the simultaneous destruction of glacial cover
by waters of glacioeustatic transgression and ice-dammed lakes. The role of the
latter was reduced to breakthrough and wash-out of ice weirs and mass catastrophic
discharge of waters of ice-dammed reservoirs.

One more fact should be examined specially. The role of icebergs in the destruc-
tion of the limb zone of glacial cover has not been emphasized above. From our
point of view, the glacial covers, which extended on the larger part of the Barents
and Kara Seas due to their shallowness, were not floating, but moved directly along
the glacial bed. Therefore the process of iceberg formation was insignificant, and,
correspondingly, the role of iceberg glacial-marine sediments in the accumulation
was negligible. Floating sea ice, which could seize fragmental material, for exam-
ple, from the island coast, which contour the Barents Sea played a large role in this
environment. The role of icebergs increased only under the conditions of the deep
water fjords, similar to those, which are located on Spitsbergen and in Scandinavia.

A few words are worthy to mention about the ecological role of slurry flows.
This role is reduced to two circumstances. First of all, because of the large inflow
of melt glacial waters, the bays shaped near the edge of the ice sheet, and in
spite of rising sea level, have been filled to the significant degree with fresh water

M.A. Levitan, Y.A. Lavrushin, Sedimentation History in the Arctic Ocean and Subarctic
Seas for the Last 130 kyr, Lecture Notes in Earth Sciences 118,
DOI 10.1007/978-3-642-00288-5 15, C© Springer-Verlag Berlin Heidelberg 2009
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in the course of the Late Glacial transgression that prevented the penetration of
marine biota. A huge amount of slurry material also did not contribute to entry
of marine organisms because of the high turbidity, which hampered photosynthe-
sis. As a result, a sufficiently short-term ecological hiatus has appeared. Analogous
phenomena were observed in some fjords of Spitsbergen, where only some pioneer
forms of polychaets were able to penetrate the waters, enriched by slurry material.
Figure 15.1 demonstrates the schematic diagram of the sedimentation zone dynam-
ics and zones of marine ecosystem of the trough glacier which terminated in one of
the fjords of Western Spitsbergen Island in the transgressive (A) and regressive (B)
glacial stages.

As a whole, it is necessary to emphasize its most important special features. The
destruction of glacial cover occurred in the shallow glacial shelves in the course
of the Late Glacial transgression at a high rate. Not only the surface, but also the
extreme submarine ablation of glacial cover contributed to above process. As a

Fig. 15.1 Sedimentation zones and ecological conditions during glacial expansion (A) and waning
(B) (fjord variant)



Deglaciation Peculiarities 347

result, in the nascent Late Glacial basin the specific sedimentation processes has pre-
vailed, consequently, the most important special feature of which was the predomi-
nance of glacioturbidites. Among the latter a significant role belonged to the slurry-
turbid flows, which caused the avalanche-type of sedimentogenesis (Lavrushin,
2005).

This sedimentation process is connected with the accumulation of the rhythmi-
cally layered sediments with the straight gradation layering. The maximum thick-
ness of sediments reaches 70 m (Chistyakova and Lavrushin, 2004). L. Polyak with
co-authors (1995) established that their accumulation occurred into two short-term
stages of the glaciomarine sedimentation. The first stage covered the interval of
12.7–12.2 ka (14C age) – Bølling, and the second stage is 10.5–9.9 ka correspond-
ing to the second half of the Younger Dryas–beginning of Preboreal, which in turn
is equivalent to two extreme pulses of the glaciomarine sedimentation in the Nor-
wegian Sea in the course of the Late Glacial transgression (Polyak et al., 1995).

In recent years the published materials of A.S. Lavrov and L.M. Potapenko
(2005) allowed to reconstruct the more detailed dynamics of Late Glacial transgres-
sion. According to the data of the above researchers, along southeastern coast of the
Barents Sea almost everywhere from the Czhöshskaya Guba to the Khaypudyrskaya
Guba so called coastal terrace is extended for 800 km, its maximum altitude reaches
30 m; in the direction to the east it is reduced (Fig. 14.4). Presence of the inter-
layers of the unequal-age peat bogs in the offshore-marine sediments, which testify
about the regressive short-term phases in the development of the Late Glacial trans-
gression, is one of the important special features of the structure of this terrace. The
analysis of the available numerous radiocarbon dates of these peat bogs (Lavrov and
Potapenko, 2005), and also the published materials on the adjacent regions (Polyak
et al., 1995) made it possible to develop the more detailed dynamics of changes in
the level of the Barents Sea during the Late Glacial transgression (Fig. 15.2).

First of all, it was established that its maximum level was at about 11 ka, i.e., in
the Allerød Period. More lately the intermittent-lowered trend of transgression has
appeared which reached its minimum about 10.3 ka. This major regressive phase
named by us as Varandey Event had an age of approximately 10.5–10.3 ka. This

Fig. 15.2 Barents sea level changes during post-glacial time
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event was established on the basis of the peat bog revealed on the sea bottom at
the depth of approximately 15 m near the Varandey Settlement, which reflects the
lowest position of the sea level. Furthermore, two additional short-term regressive
phases were established, which age, judging by the datings of peat bogs, was about
10.0–9.7 and 9.3–9.0 ka. In general, the mentioned phases of decrease in the level of
Late Glacial transgression is most likely to be connected with the short-term global
cooling, which significantly slowed down the processes of glacial cover degrada-
tion. In addition, an older regressive phase is observed at the level of approximately
11.7 ka.

It is necessary to recall that the active destructive action of the glacier waters of
Late Glacial transgression is one of the important special features of the degradation
of those glacial cover parts, which were located in the shelves. These waters from
the ice cracks along with a simultaneous rise of sea level formed the numer-
ous molded edges, which deeply penetrated into the shelf glacial cover, which
in turn contributed to the increase of its degradation (Grosswald, 1973). A simi-
lar process of destroying shelf ice is related to one of the types of the submarine
ablation.

Finally, it is important to note one more extreme event of the Late Glaciation
period. In this case, the discussion deals with the catastrophic descents of pondage
by the last glaciation of the lake reservoirs, which arose in the river valleys. Similar
ponds existed in the valleys of Pechora, Ob′, and Yenisei rivers, and their descent
was the complementary factor, which contributed both to the destruction of glacial
cover and to extension in the shelf of an enormous quantity of terrigenous material,
which formed the significant fans. Thus, for example, there are the sandy islets of so
called Gulyaevskie Koshki in the estuarine part of the Pechora River in the Pechora
Sea that are the preserved fragment of one of the above fans.

Thus, let us bring some sums. The uniqueness of deglaciation process of the Arc-
tic shelves was connected not only with the climate action of which in the Arctic
was less intensive than in the middle latitudes, but also with the waters of the Late
Glacial transgression. The rate of glacial cover destruction proved to be catastrophic;
the changes in the relationship of dry land and sea proved to be similar by the rate
of the described above process. The calculations show that the water area of the
Barents Sea (including the Pechora River) reappeared approximately 2 ka ago. In
this case, in this short time interval in the Arctic latitudes the shelf glacial covers
were destroyed and the sea penetrated far into land – from the west to the east –
from the break of continental slope for more than 1000 km. As it was mentioned
before, a significant influence on the destruction of glacial cover also rendered
the catastrophic descent of ice-dammed lake reservoirs, which, however, were of a
local value. Finally, the internal dynamics of the Late Glacial transgression, compli-
cated by the repeated short-term decreases and rises of sea level, was of significant
interest.

Now let us briefly examine changes in the Late Glacial time in the relationship
of dry land and sea in the Arctic region, which did not go through the mainland
glaciation. For the most part, the greatest amount of data is related to the Laptev
Sea, where international Russian-German expedition has been working for years.
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Furthermore, according to the data of Russian researchers on Kotelny Island and
Novosibirskie Islands, and adjacent from the east the territory of the Primorie Low-
land, only the terrestrial sediments are found in the Late Pleistocene formations.
The characteristic property of these sediments is their frozen state and content of
different types of ice, part of which has a significant thickness. According to the
data from boring in the bottom of the Laptev Sea the terrestrial sediments are laid
under the thin cover of marine sediments.

The analysis of available material made it possible to establish that, judging
by the existing dates, for the period of 800–1000 years the waters of the Arctic
Ocean have penetrated into the limits of the continental land approximately for
500 km, forming the aquatory of the Laptev Sea. A similar catastrophic change
in the relationship between land and sea was caused by three factors: by raising sea
level at the end of the Late Glacial transgression, with the intensity of the processes
of the abrasion of frozen rocks, which is characteristic up to the present as well, and
also by propagating of the Gakkel Ridge, actually by tectonic processes. It is pos-
sible that in the beginning of Younger Dryas the processes of propagating became
more intensive and, as a result of it, the rift-like depression was formed, where the
penetration of transgression into the depth of land occurred as the ingressive bay,
which contributed to the increase in the intensity of the abrasion processes of the
permafrost rocks. The next impulse of propagating possibly took place in the late
Holocene.

Facies Variability during Glaciations, Deglaciations, Interglacials

Facies types of the maximum development of glaciations, deglaciations and inter-
glacials in the continent-ocean profile strikingly differ from each other.

In fact, it is possible to assume a maximum increase in the level of ocean, the
noticeable sea transgressions and the essential displacement of coastline into the
continents during interglacial periods (Fig. 15.3). In this case, facies differences in
sedimentation basins were relatively insignificant and were reduced, in essence, to
the traditional dependence of marine sedimentation processes from the distance on
the source of sedimentary material, by bathymetry (relief) and with the degree of
sea ice development.

In the periods of the maximum glacial development, on the contrary, the low-
est position of sea level, the regression, the displacement of coastline sometimes
up to the break of the present shelves were typical. In the limits of the non-glacial
shelves, alluvial plains with the appropriate drainage network and alluvium were
actively developed. In the regions of the continental glacier development the com-
plexes of continental-glacial sediments were formed, changed on the facies profile
by the complex of the terrestrial periglacial sediments, which pass into the sediments
of marine periglacial (sometimes shelf and more frequently sediments of continental
slope and rise). Deep-water sediments in the collection of genetic types noticeably
differ from the sediments of the continental margins. In this case sedimentation rates
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Fig. 15.3 Movements of the Barents and White Seas coastal lines (Lavrov and Potapenko,
2005). 1 – Kola Peninsula (Koshechkin, 1975) – highest (1a) and lowest (1b) position; 2 – Mal-
ozemel’skaya and Bol’shezemel’skaya tundra (Arslanov et al., 2005); 3, 4 – sea level: 3 – according
to (Fairbanks, 1989), 4 – according to (Shepard, 1973)

noticeably grew. The marine ice sheets often merged with the continental glacial
covers. In those regions, where the continental glaciers were absent, in the studied
epochs the permafrost rocks reached a maximum development, while in the adjacent
deep-water regions sedimentation rates were reduced.

During deglaciation sea level rose, rapid transgression occurred coastline was
displaced in the direction of the land. Correspondingly, the drainage network existed
in the non-glacial shelves was reduced. Melting water in the form of high-density
flows carried the enormous masses of terrigenous material into sedimentation
basins.

Geological History of the Arctic Ocean Sea Ice during
the Last 60 ka

At present the ideas about the thermodynamic stability of the sea ice cover of the
Arctic Ocean are widely spread among the significant group of researchers. More-
over, in some works ice cover existence is supposed for a period of several million
years. However, important changes in the structure of water column, in the marine
biota and in the ice cover of ocean are noted in the last decade in connection with
the global warming of climate. With respect to the latter, as was shown by space
survey, recently the enormous polynyas began to appear in the Arctic Ocean up to
the North Pole, which reflects the sudden event of the partial, but rapid destruction
of the sea ice cover of the Arctic Ocean.
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The analysis of the existing publications, in which this problem is discussed,
showed that in the geological history of the Arctic Ocean sea ice cover the episodes
of the extreme decrease of ice-covered areas have repeatedly appeared, having a
larger scale than those arisen at present. The main indicators of this process were the
layers of bottom sediments enriched by IRD (Heinrich layers in the North Atlantic
(Heinrich, 1988), and same type layers in the Nordic Seas – HA (Dahlgren and
Vorren, 2003), and in the Arctic Ocean – AL (Darby et al., 2002)), and the so called
highly productive layers with the Atlantic species of planktonic foraminifers. Highly
productive (HP) layers fix the repeated (in composition of planktonic species) pro-
cesses of the Atlantic Water advection into the high-latitude regions of the Atlantic
Ocean, which contributed to an increase in the intensity of melting processes of
significant sea ice volumes and icebergs, near-surface reduction of salinity and, cor-
respondingly, the vertical stratification of water column. It seems that duration of
individual HP layer formation does not exceed several ten or hundred years.

The ideas about the sudden processes of the Atlantic Water advection and
the rapid climatic changes in the polar part of the Atlantic Ocean during MIS
2–4 are in detail presented in (Dokken and Hald, 1996). In the course of the advec-
tions of surface Atlantic Water into the high-latitude Arctic region, between the parts
of the ocean, which were covered with sea ice and relatively warm ice-free, the sig-
nificant temperature gradient could be generated, which contributed to strengthening
gale activity and to growth of the circulation intensity of surface water mass. In the
final this also contributed to the destruction of sea ice.

As far as the mentioned Heinrich events are concerned, in the studied sediment
cores of Late Pleistocene in the northeastern part of the Atlantic Ocean six intervals
of the increased IRD content (fraction 180–3000 mm) were established. Planktonic
foraminifers were studied, among which the following foraminifers characteristic
of different water masses were identified: Neogloboqudrina pachyderma (sin.) –
surface cold waters; surface warm waters: G. truncatulinoides, G. scitula, G. ruber
and G. hirsute; surface moderate (intermediate) waters: G. inflata. As a whole, the
Heinrich events (with duration ca. 1–2 ka) reflect highly dynamic variations of the
Earth climate, at least in the Arctic and Subarctic regions as well as glaciodynamic
processes in the continental ice sheets, not always caused by climate. Nevertheless,
these events are connected with the emergence of the large volumes of sea ice in
the Arctic and Subarctic regions of the Atlantic. This was caused by strengthening
of cold East Greenland Current, and, correspondingly, it is possible to assume the
advection of Polar Water into the temperate latitudes.

The duration of the advections of Atlantic and Polar Waters was different accord-
ing to the published geochronological materials. But what is very important, these
advections, according to obtained data, coincided, with thermochrons and kri-
ochrons of the Middle Valday of the Russian Plain (Table 15.1).

In conclusion let us bring the brief sums:

1. The Atlantic-Arctic oceanic-atmospheric climate machine determined the basic
trends of the development of the natural situation in the boreal (moderate) belt
of the adjacent land in the recent geological past.
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Table 15.1 Geochronological correlations of high productive events, Heinrich events (Bonds et al.
1993; Shaw, 1995, Dokken and Hald, 1999; Hald, 2001) and the Middle Valday Interstadials of the
Russian Plain (by Yu.A. Lavrushin)

2. The most important processes, which had an effect on the directions of the envi-
ronment conversions, were advections of Atlantic Water (AAW) into the Arctic
Ocean and the advections of the Polar Water (APW) into the Atlantic. Distur-
bance in the continuity of sea ice cover was connected with the penetration of
the Atlantic Water, while on the land it was related to climate warming. The suf-
ficiently clear correlation between the advections and the topographical-climatic
events in the Russian Plain is geochronologically established.

3. There are two types of the events in AAW and APW:

a) duration of several thousand years:
b) duration of several ten or hundreds years.

4. The first type is related to the topographical-climatic conversions; the second
type is connected with the weather and insignificant climatic events.

5. Discontinuity of AAW, their different duration, and also topographical recon-
structions in the temperate latitudes of land give grounds to assume the changing
value of the related heat flux brought into the high-latitude regions. Furthermore,
the routine of AAW manifestation makes it possible to speak about the high
dynamics of the West Spitsbergen Current. The curtailment of AAW events testi-
fies about the discontinuity of the geological history of this current. The different
AAW types were are connected with the destruction of the sea ice cover in the
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Arctic Ocean and penetration of the Atlantic Water into the seas of the eastern
margins of Eurasia.
APW have contributed to extension of the large volumes of sea ice from the
Arctic Basin. The subsequent advections are confidently geochronologically cor-
related with the climate cooling on the territory of the Russian Plain.
AAW and APW controlled the migration of the Polar Front.

6. The main proxies of indicated paleoceanographic processes are increases of IRD
amount (>150 mkm) at the initial stage and planktonic foraminifer content.

Intercoupling of Atmo-, Hydro-, Cryo-, Bio-, and Lithospheres

There is the most common assumption that the history of sedimentation in enormous
examined region for the last 130 ka was mainly determined by climatic changes. The
latter, in turn, produced changes in the interacted covers: atmo -, hydro- , cryo- and
to sedimentosphere. In the inner and marginal sedimentation basins, changes in the
temperature and circulation of atmosphere played probably the leading part. In the
studied high-latitude regions of Northern Hemisphere it is difficult to overestimate
the role of glaciation history (continental, mountain, marine): its emergency, devel-
opment and curtailment. The alternation of interglacial and glacial periods com-
poses the essence of natural process in the Quaternary period in the high latitudes.
We attempted to illustrate this on the base of the last 130 ka.

We have mentioned above that in the shallow shelves of Eurasia the possibilities
of studying the history of sedimentation in the times, which preceded the second
isotope-oxygen stage, were limited by the natural and technical reasons. However,
revealed by the authors and their associates the special features of changes of the
largest rivers discharge at the end of the Pleistocene-Holocene in the shelf of North
Asia indicate the high degree of similarity that can be explained only by common for
the enormous regions climatic changes. Accordingly, the attention should be payed
to the qualitative similarity of the histogram showing the beginning of an increase
in the largest peat swamps of West Siberia and the typical form of the graph of the
river drainage change for the Ob and Yenisei Rivers.

At the same time the history of Holocene drainage for the rivers of the European
North of Russia and for the rivers of the north of Siberia is different: in the first
case (according to present rare data) its uneven growth is observed (Sidorchuk et al.,
1999), and in the second – the uneven weakening. Probably, this difference is caused
by reverse trends in Holocene history of the nourishment of rivers in both regions:
as a whole, in the course of time the role of atmospheric precipitations has been
growing in comparison with the melting of permafrost rocks; however, in Siberia the
role of the latter process in first half of Holocene was considerably higher than in the
European part of the country because of incomparably larger volume of permafrost
in the drainage basins of the Siberian rivers, and the humidity of the atmosphere was
always higher in the north of European part.

We should focus attention on the revealed connections between the volumes of
ice in Northern Hemisphere during the last climate cycle and sedimentation rates in
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the seas of the Subarctic and the Arctic Ocean (Levitan and Stein, 2005, 2008). Also,
the relationships between the terrigenous and biogenic components in the marine
and oceanic cross-sections of Upper Pleistocene-Holocene depending on climate
changes are of great interest.

Thus, sedimentation rates are directly proportional to the volume of continental
ice sheets of the Northern Hemisphere (for the identical temporary cross-sections)
in the Nordic Seas and in the glacial continental margins (slopes and rises) of the
Arctic Ocean. Actually, this circumstance attests to the fact that the precisely con-
tinental glaciers served (due to the bulldozer effect, the activity of icebergs and
under-ice flows) as the basic suppliers of terrigenous material into the final basins
of sedimentation and it is the main reason for circumcontinental zonality in the area
of sea ice sedimentation.

In the deep-water bed of the Arctic Ocean (in its underwater ridges of different
genesis and in the deep-water basins) and the seas of the eastern sub-Arctic the quite
different regularities acted: sedimentation rates were inversely proportional to the
volume of ice in the Northern Hemisphere (Levitan and Stein, 2007). Most likely,
the volumes of sea ice grew in the epochs of glaciations and stadials and decreased
in interglacial periods, terminations and interstadials. Accordingly, the rate of sea ice
melting was inversely proportional to its volume. Thus, terrigenous sedimentation
under these conditions was mainly caused by accumulation of the former cryosoles
(here we do not examine the problem of terrigenous turbidites, so numerous along
the continental margins and in the deep-water basins of the Arctic Ocean).

Consequently, one and the same reason – large climate changes, which were
caused by changes in the insolation and also by Earth orbital and suborbital cycles,
led to strengthening of terrigenous sedimentation in the cold epochs in those basins
of the Northern Hemisphere, where prevailed continental (or shelf) ice sheets, also,
to its weakening in those basins, where pack ices played the determining role.

In this case for all studied types of marine and oceanic sedimentation basins
practically one and the same regularity is observed: the sediments of warmer epochs
to one degree or another are always enriched by the biogenic remains (carbonate, in
essence, in the western Subarctic and the Arctic Ocean and siliceous, as a rule, in the
eastern Subarctic and in the Chukchi Sea). Most frequently this enrichment leads to
a change in the component composition of sediments, but sometimes reflects only in
a change in composition of micropaleontological remains (for example, in the west
of the Nordic Seas, located under great influence of cold East Greenland Current).

The mechanisms of such changes in the lithological composition can be diffe-
rent depending on the changes in the relationship of the fluxes of the biogenic and
abiogenic matter: here are the fluctuations of paleoproductivity, and the supply of
terrigenous sedimentary matter from the land or from the sea ice and the icebergs,
and, to some extent the degree of the dissolution of biogenic material should be
taken into consideration. The fluctuations of paleoproductivity are connected, first
of all, with the changes in amount of the nutrients supplied in photosynthesis zone.
Basic mechanisms are the following: water exchange with the surrounding ocean
basins and, first of all, the advection of Atlantic and Pacific Waters into the Arctic
Ocean; the intensification of thermohaline circulation expressed both in the hori-
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zontal and vertical directions; the melting of sea ice and icebergs (development of
the edge areas of the increased primary production) and the delivery of biogens by
rivers.

As it was shown above, the action of all listed mechanisms grew in the warm
epochs (termination, interglacial period, to a certain degree of interstadials) and
weakened in the periods of glaciations. Concerning the actively investigated in
recent years mechanism of nutrient delivery (first of all, Fe) to the surface of sed-
imentation basin by eolian way, it should be noted that atmosphere circulation
sharply grew in the periods of glaciation and climate cooling. Thus, in the majority
of the investigated regions the supply of nutrients by waterway played more impor-
tant role compared with eolian supply. In any case in the studied region the discus-
sion deals with the climatically caused changes in all these mechanisms, and future
studies should be concentrated on the establishment and the quantitative assessment
of its contribution, including with the aid of the mathematical modelling.

It is interesting that data on the Southern Ocean (still needed a statistical process-
ing) testify about the manifestation of the already noted regularities and the high
latitudes of Southern Hemisphere. For example, the content of biogenic (diatoma-
ceous) opal is increased in the sediments of interglacial and interstadial periods and
is reduced in the sediments, which were accumulated during the glaciations in the
Ross Sea. In this case sedimentation rates grew in the cold epochs and were reduced
in the warm epochs (Pistolato et al., 2006). Practically the same regularities were
revealed during the study of mass accumulation rates of terrigenous material for the
Scotia and Weddell Seas: its noticeable growth in cold epochs and decrease in the
warm ones (Diekmann et al., 2003).

It is interesting to note that atmosphere circulation was strongly activated in
the periods of maximum glaciations, and thermohaline circulation, on the contrary,
weakened up to the almost complete curtailment during the especially powerful
surges. The interglacial periods are characterized by opposite trends. Biosphere
reacted to all these changes through a regular change of organism assemblages,
which dwell under varying conditions according to the temperature, salinities, pri-
mary productions (nourishment), illumination (as the functions of the development
of sea ice and turbidity). As a consequence, not only the relationship of biogenic
and abiogenic components in bottom sediments, but also the intensity of biofiltra-
tion, biotransport and bioaccumulation were changed.

XXX
Thus, as a result of the undertaken study, it was possible to make the specific con-
tribution to the solution of some problems connected with the influence of climatic
changes in the high latitudes of Northern Hemisphere on the history of sedimenta-
tion of the last 130 ka (in some regions – within the larger period of time, in some –
for shorter one). However, many of issues under discussion in connection with the
uneven and often insufficient research works of a number of regions both on land
and in the sea remain thus far unsolved. We hope that our book will help researchers
to determine more clearly these unsolved problems and to make a contribution to
their study.
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