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Series Preface

With remarkable vision, Prof. Otto Hutzinger initiated The Handbook of Environ-
mental Chemistry in 1980 and became the founding Editor-in-Chief. At that time,
environmental chemistry was an emerging field, aiming at a complete description
of the Earth’s environment, encompassing the physical, chemical, biological, and
geological transformations of chemical substances occurring on a local as well as a
global scale. Environmental chemistry was intended to provide an account of the
impact of man’s activities on the natural environment by describing observed
changes.

While a considerable amount of knowledge has been accumulated over the last
three decades, as reflected in the more than 70 volumes of The Handbook of
Environmental Chemistry, there are still many scientific and policy challenges
ahead due to the complexity and interdisciplinary nature of the field. The series
will therefore continue to provide compilations of current knowledge. Contribu-
tions are written by leading experts with practical experience in their fields. The
Handbook of Environmental Chemistry grows with the increases in our scientific
understanding, and provides a valuable source not only for scientists but also for
environmental managers and decision-makers. Today, the series covers a broad
range of environmental topics from a chemical perspective, including methodolog-
ical advances in environmental analytical chemistry.

In recent years, there has been a growing tendency to include subject matter of
societal relevance in the broad view of environmental chemistry. Topics include
life cycle analysis, environmental management, sustainable development, and
socio-economic, legal and even political problems, among others. While these
topics are of great importance for the development and acceptance of The Hand-
book of Environmental Chemistry, the publisher and Editors-in-Chief have decided
to keep the handbook essentially a source of information on “hard sciences” with a
particular emphasis on chemistry, but also covering biology, geology, hydrology
and engineering as applied to environmental sciences.

The volumes of the series are written at an advanced level, addressing the needs
of both researchers and graduate students, as well as of people outside the field of

ix
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“pure” chemistry, including those in industry, business, government, research
establishments, and public interest groups. It would be very satisfying to see
these volumes used as a basis for graduate courses in environmental chemistry.
With its high standards of scientific quality and clarity, The Handbook of Environ-
mental Chemistry provides a solid basis from which scientists can share their
knowledge on the different aspects of environmental problems, presenting a wide
spectrum of viewpoints and approaches.

The Handbook of Environmental Chemistry is available both in print and online
via www.springerlink.com/content/110354/. Articles are published online as soon
as they have been approved for publication. Authors, Volume Editors and
Editors-in-Chief are rewarded by the broad acceptance of The Handbook of Envi-
ronmental Chemistry by the scientific community, from whom suggestions for new
topics to the Editors-in-Chief are always very welcome.

Damia Barcel6
Andrey G. Kostianoy
Editors-in-Chief
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Preface

The book The White Sea Environment in the series “The Handbook of Environment
Chemistry” contains the most important results of multiannual investigations
conducted by the Shirshov Institute of Oceanology of the Russian Academy of
Sciences over 2001-2016. Part II of this book aims to join results of the
multidisciplinary researches of sedimentation processes in the White Sea. The
long-term investigations in a small Arctic sea, as the White Sea is, have revealed
new regularities of sedimentation processes which are characteristic of the sub-
Arctic zones.

In Part II, for the first time, the in situ sedimentation processes in the White Sea
were studied with the automatic deep-water observatories of sedimentation
(AGOS). This led us to estimate contribution of sedimentary matter over different
timescales: months, seasons, and years. The mineral, grain-size, isotopic, and
elemental composition, including certain biogeochemical proxies, have been stud-
ied in both dispersed (suspended particulate matter and vertical fluxes of settling
particles) and consolidated (bottom sediments) forms of sedimentary matter. It
allowed us to estimate the biogeochemical processes of transformation, which
take place within the water column in such key areas of the White Sea as the
riverine—seawater interface.

The development history in Holocene and a three-member structure of
the Quaternary cover have been revealed. Environmental conditions versus
abundance and species composition of microalgae associations have been studied
in bottom sediments, which improved our knowledge about relationships between
different ecosystem components. The mineral phases of sedimentary matter
at different stages of sediment formation have been documented. A specific
character of the early diagenesis was revealed, as well as regularities of heavy
metal accumulation, including the most toxic mercury, as well as aliphatic
and polycyclic aromatic hydrocarbons in bottom sediments of different areas
of the sub-Arctic White Sea.

This book is addressed to the specialists working in various fields of environ-
mental problems, especially in marine geology, ecology, and biogeochemistry.

Xi
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Collection and processing of sedimentary matter were performed in the
framework of the state assignment of FASO Russia (theme No 0149-2018-0016).
Analysis, interpretation of the data obtained, as well as preparation of materials
for publication were supported by Russian Science Foundation grant (project
No 14-27-00114-P).

Moscow, Russia Alexander P. Lisitsyn
Moscow, Russia Liudmila L. Demina
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Abstract Within the framework of the scientific program “The White Sea System,”
many multidisciplinary expeditions have been held by the Shirshov Institute of
Oceanology of Russian Academy of Sciences over 15 years (2000-2015). As aresult,
a large amount of various materials (bottom sediments, marine and river suspended
particulate matter, sediment-laden snow and ice, aerosols of the near-water layer,
biota) has been collected from the different geospheres. During such long-term
investigations, the White Sea was considered as a natural range of environmental
conditions of the Arctic and subarctic regions. In Part I of “The White Sea
Environment,” both the dispersed sedimentary matter (aerosols and suspended par-
ticulate matter) and the consolidated one (the bottom sediments) have been under
considerations of researches of different specialization. Based on seismic and
lithostratigraphic data, the major stages of the White Sea basin development were
identified. Its history began about 14,000 years ago after the onset of the terrain
deglaciation, while change of the sedimentation regime occurred about 11,000 years
ago. Distribution pattern of marine diatoms and dinoflagellate cysts was used to
characterize relationships between environmental parameters and water productivity
at different areas of the sea. It was necessary to study the initial stage of SPM
formation in water column, namely, changes in the amount and composition of the
SPM in time (day-night, decades, months, seasons, and interannual changes). In the
White Sea, we have introduced the sedimentation observatories equipped with auto-
matic sediment traps to measure vertical fluxes of settling particles (mg m > day ') at
different depths from the surface water to the seafloor. At the seafloor, an independent
determination of fluxes into the bottom sediments has been carried out by the use of
different methods of sediment age dating (biological, isotopic, and other methods).
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Shirshov Institute of Oceanology of Russian Academy of Sciences, Moscow, Russia
e-mail: lisitzin @ocean.ru; 1_demina@mail.ru

A. P. Lisitsyn and L. L. Demina (eds.), Sedimentation Processes in the White Sea: 1
The White Sea Environment Part II, Hdb Env Chem (2018) 82: 1-12,

DOI 10.1007/698_2018_356, © Springer International Publishing AG, part of Springer Nature 2018,
Published online: 15 July 2018


http://crossmark.crossref.org/dialog/?doi=10.1007/698_2018_356&domain=pdf
mailto:lisitzin@ocean.ru
mailto:l_demina@mail.ru

2 A. P. Lisitsyn and L. L. Demina

Results of study of mineral, chemical (including toxic heavy metals, particularly
mercury, as well as hydrocarbons), and isotope composition of bottom sediments
are presented.

This book is addressed to the specialists working in various fields of environ-
mental problems, especially in marine geology, ecology, and biogeochemistry.

Keywords Biogeochemistry, Bottom sediments, History, Particle fluxes,
Suspended particulate matter, White Sea

In the first cruise of the research vessel “Vityaz” (1949), specialists in different fields
of oceanography (hydrologists, biologists, geologists, chemists) have participated.
They have performed a multidisciplinary research throughout the water column of
the northwestern Pacific, including maximum depth equal to 11,040 m in the
Mariana Trench [1, 2]. Since that time, marine geologists from different countries
have exploited the marine bottom sediments as a natural record of the environment
and the climate of the geological past ([3-10], etc).

There was a possibility of validation of this approach, primarily based on the
study of modern sedimentation processes in different environmental and climate
conditions, existing now in the World Ocean. In the early stages, it seemed that it
was enough to make reliable maps of bottom sediments and compare them with
modern environmental parameters of marine sedimentation. However, it turned out
that the processes of modern sedimentation happen in different ways than it seemed;
moreover, they are practically not studied, while the theoretical lithology argued that
the ocean bottom sediments in all climatic zones at all latitudes as if correspond to
the sediments of the humid zone, that there is no climatic zones in the oceans
[11, 12].

In their constructions, theoretical lithologists issued that that the modern sedi-
mentation process is well studied and clear, although in the USSR, in the years
before the cruise of RV “Vityaz,” there were no samples of ocean bottom sediments
taken from depths of more than 2 km. Moreover, at that time, the level of study of the
marine sediments in Russia was quite insufficient, most often it was a formal
description of sediments without the necessary analytical definitions. The very
processes that determine the quantitative sediment distribution (sedimentation
rates, absolute mass, and thickness of sedimentary bodies), their grain-size, mineral,
and chemical composition, as well as microfossils’ assemblage, remained poorly
understood, and the sedimentation processes were largely misinterpreted.

Over 10 years after the first cruise of RV “Vityaz,” new possibilities for studying
the marine sedimentation processes arose. These studies covered the long-term
transects which began from the catchments areas’ weathering cover on the conti-
nents and finished in the bottom sediments of the pelagic zone of seas and oceans,
including the stages of preparation, transportation, and deposition of sedimentary
matter. Even the classification and nomenclature of marine geologists working in the
sea were different from that adopted by sedimentary theoretical geologists. At those
years, the features of the modern sedimentary process were studied by the use of new
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expedition ships equipped with new devices, instruments, and methods, based on
new research approaches.

One of the new approaches is a study of micro- and nanoparticles dispersed in
natural environment (in seawater, atmosphere, snow, and ice), which in a result of
sinking in water column give a rise to consolidated forms of dispersed particles,
namely, bottom sediments. These dispersed particles in seawater are at the stage of
extremely dilution; they have a maximal specific surface area and are therefore
particularly sensitive to the environmental changes.

Their major part is of pelitic grain-size (<0.01 mm), and their average content in
seawater varies in limits of 0.1-1 mg L™'. This value of suspended particulate
matter’s concentration was recorded for the first time in the cruise of RV “Vityaz”
and then in other expeditions. Collection of this dispersed substance is associated
with great difficulties: it is necessary to have a clean sampling technique, as well as
reliable and high sensitive methods of treatment and analyses for many lithological
and geochemical components. Currently, the main parameters of the dispersed
sedimentary matter can be determined by several independent methods. It was
possible to obtain hundreds and thousands of samples of suspended particulate
matter (SPM) from all parts of the oceans and seas, from different depths, at different
distances from the shore, and in different climate conditions of environment in the
modern World Ocean [13-15]. Particular attention was paid to areas nearby the river
mouths and rivers itself, since rivers were considered as the main sources of
sediment that seemed was evidenced [16, 17].

The average dispersed sedimentary matter’s content (in the form of SPM) for the
World’s rivers has been estimated as 490 mg L! [14], which is hundreds of times
higher than that in the pelagic ocean water and in the shelf water. However, in the
course of studies conducted at the transects between the river estuaries and the open
sea located in different climatic zones, we have found that as a result of mixing
processes of the river and seawater, about 90% of the SPM and about 40% of the
dissolved fractions of the river water are precipitated in a limited area nearby the
mouth. This phenomenon got a term an avalanche sedimentation [16]. Based on
the direct data obtained, contribution of the riverine runoff as the main source of
sedimentary material into the pelagic ocean was estimated to be almost ten times
less. There is a phenomenon of marginal filter, which has never been studied by
lithologists before [17].

Simultaneously with the study of the SPM in rivers, as well as in the sea and
ocean water column, the study of dispersed forms of sedimentary matter started in
the atmosphere (near-water layer), snow cover, sea ice, and icebergs, which serve as
carriers of sedimentary matter in the Arctic [18].

The dispersed sedimentary matter has proved to exist in the atmosphere some-
times in large quantities (dust storms). Aeolian material (aerosols) is transported for
a very long distance from its source; thus, it can be supplied from the northern
hemisphere into the southern one. One of the features of this type of sedimentary
substances’ transport is frequent dust storms when visibility is less than 1 km. In arid
zones, the frequency of dust storms reaches up to 60% throughout the year. A
comparison of aerosol contents with that in the ocean water column shows that the



4 A. P. Lisitsyn and L. L. Demina

aerosol material rather than the solid river discharge dominates in the arid regions
[13, 14, 19, 20].

Thus, modern studies of the sedimentation process involving new data on the
quantitative distribution and composition of the dispersed sedimentary matter in
different geospheres have shown that climatic zoning become apparent in the ocean.
It is supplemented by the vertical, circum-continental, and tectonic types of zoning,
i.e., the law of sedimentation zoning in the seas and oceans by Bezrukov et al. [21].
Studies of the terrigenous (continental) component of the dispersed sedimentary
matter in comparison with the bottom sediments showed that at all stages of
sedimentation (preparation, transportation, and deposition), they both are subjected
to the laws of zoning — climatic, vertical, and circum-continental.

Biogenic (carbonate or siliceous) sedimentary material is an important compo-
nent of sedimentary matter in the seas. Its content in bottom sediments reaches not
3-9.2%, as it previously was thought, but 40-50%. Biota is of great importance for
transformation of all types of sedimentary material from its dispersed forms into
pellets during biofiltration by plankton and benthic organisms. According to the new
data, the whole water volume of the World Ocean is filtered by organisms in
0.5-1 year. The primary production of phytoplankton uses dissolved forms of
biogenic elements and solar energy during photosynthesis; phytoplankton synthe-
sizes autochthonous organic matter which is the basic trophic chain for all living
organisms in the sea [22]. This process takes place in the upper photic zone of the
World Ocean, i.e., it is closely related to both climatic zoning and seasonal pro-
cesses. Circum-continental and vertical types of zoning are also clearly identified in
the biota, its quantitative distribution, and qualitative composition of living organ-
isms and their residues [23].

Thus, the sedimentary matter formed on the continents by many ways through
interaction of different geospheres enters the seas and oceans — in the surface water
layer. There, both the suspended and dissolved forms of sedimentary matter are
processed by the biosphere.

Biosynthesis involves the selective extraction of nutrients from seawater (osmotic
membranes) — this process is called a biofilter-1. This is followed by filtration of
phytoplankton together with SPM by zooplankton in surface water (a biofilter-2).
Zooplankton organisms perform a packing of organic matter into pellets which have
a protective capsule. For this kind of micro-containers unlike fine-grained particles, a
fast sink to the depths is characteristic. Such is a mechanism of the major biological
pathway of SPM involved in the “living ocean”; this is different from the simple
particles’ deposition in accordance with Stokes law [23].

These general regularities established for the oceans and seas have been
complemented by specific data on a detailed comparative study of sediment forma-
tion in the seas of different climatic zones. One of these seas is the White Sea which
belongs to the subarctic zone; it is covered with ice for a larger part of the year. The
latter is one of the important factors which determines largely the sedimentation
processes [24-26].

Our investigations were performed not only in the White Sea proper but also in its
catchment areas [27]. As a result, it was possible to obtain, for the first time, the
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direct data on the amount, composition, and properties of both dispersed forms of
suspended particulate matter and dissolved forms of elements due to operation at the
stations in the White Sea. These data allowed us to establish the regularities of
migration of micro- and nanoparticles, i.e., the dispersed sedimentary matter within
the White Sea water mass.

Part I of “The White Sea Environment” is devoted to both the dispersed
sedimentary matter and the consolidated one, i.e., the bottom sediments, which
differ in its physical properties from the dispersed ones. It is necessary to study the
initial stage of SPM formation in water column, namely, changes in the amount and
composition of the SPM in time (day-night, decades, months, seasons, and
interannual changes).

To solve this problem, special approaches, devices, and especially the manage-
ment of investigation, beginning from the regular short-term discrete to continuous
long-term observations, were also required. In the White Sea, we have introduced the
sedimentation observatories equipped with automatic sediment traps to measure
vertical fluxes of settling particles (mg m > day ') at different depths from the
surface water to the seafloor. At the seafloor, an independent determination of fluxes
into the bottom sediments has been carried out by the use of different methods of
sediment age dating (biological, isotopic, and other methods).

Application of these two methods of studying processes allowed to judge the
dynamics of sedimentary process in time — by changing the settling particle flux
values. For short-term investigations, using the current meters, it is also possible
to study the real vectors of water dynamics by data of the four-dimensional
oceanology [28].

Within the framework of the program “The White Sea System,” many multi-
disciplinary expeditions have been held by the Shirshov Institute of Oceanology of
Russian Academy of Sciences over 15 years (2000-2015). During such long-term
investigations, the White Sea was considered as a natural range of environmental
conditions of the Arctic and subarctic regions. As a result, a large amount of various
materials (bottom sediments, marine and river suspended particulate matter,
sediment-laden snow and ice, aerosols of the near-water layer, biota) has been
collected from the different geospheres. The obtained datasets were analyzed and
published in the four monographies [27, 29-31]. A new system of observations in
space and time was elaborated which included the following:

1. Satellite observations with verification for the surface layer of water spatial
changes and changes in time (decadal, monthly, seasonal, and interannual).

2. Observation at stations in expedition cruises — a continuous vertical sounding
using a Rosette system equipped with different oceanographic sensors accompa-
nied by water sampling by bathometers to subsequently study suspended and
dissolved forms of chemical elements. At the same time, a measurement of
horizontal currents by the ADCP system.

3. Operations while running of research vessel with sampling of surface water for
verification of satellite data and collection of aerosol samples (under favorable
winds and weather conditions), as well as filtration of water to collect SPM,
measurement of the SPM grain-size composition by laser particle counters, etc.
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4. Study of sedimentation processes in time by use of deep automatic sedimentary-
geochemical deep-water observatories (AGOS) with automatic differential (once
per month) and integral (throughout the year) sampling. The devices are placed
along cable rope with the subsurface buoy at the key water column’s horizons
which were registered during vertical sounding.

5. Study of the upper sediment layer (interval of O—1 cm) sampled with Multi-Corer
and/or Neimisto tube for further determination of mineral and chemical compo-
sition, as well as sedimentation rate (mm yearfl) and absolute mass of bottom
sediments (mg m™ 2 year ).

The major part of the White Sea research was carried out by staff of the laboratory
of physical and geological researches of Shirshov Institute of Oceanology of Russian
Academy of Sciences (IO RAS).

In total, the 22 interdisciplinary expedition cruises have been performed. In Fig. 1
the sampling stations are displayed. Researchers from the Institute of Oceanology and
its branches, as well as Vinogradsky Institute of Microbiology RAS, Lomonosov
Moscow State University, Saint Petersburg State University, and Institute of Water
Problems of the Northern Karelian Scientific Centre, have participated in all the
cruises.

This book contains 11 chapters including Introduction and Conclusions written
by the volume editors.

Kola Peninsula

‘—-ss W;l:;f River

{ General station

o Automatic Deep Sedimentation
Observatory (ADOS)

41 Number of the station

2
-r--r-r-re—{'r—r-rrrrrr o r rrrrrrrr T

32° 34° 36° 38° 40° 42° 44°

Fig. 1 Sampling stations of bottom sediments in the White Sea over 2000-2015
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In Chap. 1 [32], concentration of suspended particulate matter (SPM), its compo-
sition and properties, as well as their changes due to environmental conditions have
been described. In this chapter, the features in distribution pattern in the White Sea of
the SPM concentration and its grain-size, mineral, isotope, and chemical (Al, Si, P,
Corg» Chl-a) composition are discussed. Itis highlighted that a dispersed system of the
White Sea forms a giant reservoir of micro- and nanoparticles that serves as source of
sedimentary material.

Chapter 2 [33] contains the research results of dispersed sedimentary matter
captured by sediment traps deployed in the White Sea water column. The results
of long-term investigations of spatial and temporal distribution of the vertical fluxes
served as a basis for revealing new regularity characteristic of the sedimentary
process in the subarctic and Arctic zones. The monthly, seasonal, and interannual
dynamics of the main components of dispersed sedimentary matter were estimated,
and the major stages of marine sedimentation were recognized. The contribution of
main biogenic and lithogenic constituents per m” of the bottom area of the White Sea
has been calculated.

In Chap. 3 [34], a development history of the modern White Sea Basin is under
consideration. The Late Pleistocene and Holocene deposits are a key to study the
paleogeography of Northwestern Russia. Methods of a seismic-acoustic profiling
and lithostratigraphic analysis of selected cores were applied to characterize the
Quaternary sedimentary cover. As a result, it was possible to identify its three-
member structure composed of the glacial, glacial-marine, and marine facies.

Chapter 4 [35] is focused on studies of diatom and palynomorph assemblages
from the White Sea sediments. It is shown that species composition of the marine
plankton in bottom sediments reflects the features of the high-latitude position of the
White Sea, as well as the Arctic and North Atlantic water masses’ influence on
hydrological regime of the White Sea. The characteristic property of the diatom and
dinoflagellate cyst assemblages was found to be a presence (in high concentrations)
of relatively warm-water species typical for the Atlantic water masses.

In Chap. 5 [36], the main aim was to study the mineral phases in fine-grained
fraction (from 10 pm to less than 1 pm) both in dispersed sedimentary matter
and consolidated one (bottom sediments) of the White Sea. By use of the X-ray
difractometry and scanning electron microscopy, the clastic, clay, and carbonate
minerals were analyzed in aerosols, river and marine suspended particulate matter,
sediment-laden snow-ice cover, as well as in surface bottom sediments.

Chapter 6 [37] describes biogeochemical processes of early diagenetic processes
in the White Sea bottom sediments based on changes in chemical, isotope, and
mineral composition of dispersed sedimentary matter and bottom sediments. A
special attention is paid to process of transformation of organic components in
seawater, SPM, and pore waters. Rates of microbial biogeochemical processes
with a tracer technique (**C and *S), as well as analysis of isotopic composition
of carbon compounds in suspended particulate matter (SPM) and in bottom sedi-
ments, were also under consideration.
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In Chap. 7 [38], a detailed study of mercury — the most toxic heavy metal — has
been performed in bottom sediments of the White Sea and the rivers of its basin. For
the Northern Dvina River, concentration of methyl Hg in the bottom sediments was
calculated based on data of field studies, physicochemical and lithological properties
of sediments. Bottom sediments of the White Sea and river estuaries of its basin have
been considered by levels of Hg content. The background level of Hg content in
bottom sediments was established. Based on the spatial distribution of Hg in the
surface bottom sediments, levels of Hg accumulation in the White Sea areas
influenced by anthropogenic pollution were revealed.

Chapter 8 [39] is focused on the physical-chemical occurrence forms of alumi-
num, iron, manganese, and number of heavy metals (Cd, Co, Cr, Cu, Ni, Pb) and
metalloid As in the bottom sediments of the White Sea. The pattern of chemical
element partitioning among the different occurrence forms (adsorbed, bound to
authigenic Fe-Mn oxyhydroxides and organic matter, as well as fixed in clastic
and clay mineral structures) reflects principal processes of their accumulation in the
modern bottom sediments of the White Sea. A spatial distribution of the occurrence
forms of these elements in the surface sediments was estimated, while their analysis
in high-resolution (1 cm scale) sediment core let us to study the metal behavior in the
processes of early diagenesis.

In Chap. 9 [40], results of determination of oil compounds in bottom sediments
were shown. Content and composition of aliphatic and polycyclic aromatic hydro-
carbons in bottom sediments of different areas of the White Sea were studied during
low and high waters to determine the influence of oil components. Relationships
between hydrocarbon distribution and hydrological conditions in the riverine-
seawater mixing zone were identified by the example of the Northern Dvina
River — Dvina Bay boundary — where the precipitation of major part of pollutants
takes place.

The book ends with our conclusions, where the abovementioned aspects have
been generalized.

The book is addressed to specialists working in different fields of marine envi-
ronmental sciences, including ecologists, geologists, geochemists, biologists, and
microbiologists. New data on the Arctic environment by the example of the White
Sea can also be of interest for a larger community. Graduate and undergraduate
students in marine and environmental sciences will find this book as a valuable
resource of knowledge, information, and references.
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Abstract The material for our study was collected in the White Sea during 22 inter-
disciplinary expeditions organized by the Shirshov Institute of Oceanology, Russian
Academy of Sciences (IO RAS), in 2000-2014. The researches were carried out
mostly in June—August; however we have some samples for autumn—winter and
early spring seasons. Here, we report the concentration of suspended particulate
matter (SPM), its composition and properties, as well as their changes due to natural
zoning and local conditions. This paper discusses the features in the distribution of

M. D. Kravchishina (P<), A. P. Lisitsyn, A. A. Klyuvitkin, A. N. Novigatsky, N. V. Politova,
and V. P. Shevchenko

Shirshov Institute of Oceanology, Russian Academy of Sciences (IO RAS), Moscow, Russia
e-mail: kravchishina@ocean.ru

A. P. Lisitsyn and L. L. Demina (eds.), Sedimentation Processes in the White Sea: 13
The White Sea Environment Part II, Hdb Env Chem (2018) 82: 1348,

DOI 10.1007/698_2018_353, © Springer International Publishing AG, part of Springer Nature 2018,
Published online: 7 July 2018


http://crossmark.crossref.org/dialog/?doi=10.1007/698_2018_353&domain=pdf
mailto:kravchishina@ocean.ru

14 M. D. Kravchishina et al.

SPM concentration, grain-size, mineral, and major phase composition. As far as
possible, we involved our own and other published data on hydrology, bottom
morphology, and particulate and dissolved river runoff from the catchment area,
abundance and composition of marine phyto- and bacterioplankton. This new
knowledge has been used to describe particles dispersion system of the White Sea,
which forms a giant reservoir of micro- and nanoparticles, using terms adopted in
sedimentology and oceanography.

Keywords Arctic, Chlorophyll “a”, Grain-size, Major phase composition, Recent
sedimentation, Suspended particulate matter

1 Introduction

The collection of samples and study of suspended particulate matter (SPM) for
understanding some basic problems in sedimentology was first carried out by
Lisitsyn in the Bering Sea in 1951 [1]. Studies of SPM in the White Sea, Russia,
were initiated by Medvedev and Krivonosova in 1966, using a method developed by
Lisitsyn [2]. Important quantitative characteristics were obtained for the distribution
of SPM mass concentrations (in mg/L) and supplying of terrigenous particles.
Subsequently, these studies were conducted by Aibulatov [3] and then by Lukashin
and Dolotov [4-6] in the White Sea.

The study of SPM as a dispersed system requires an integrated approach, namely,
combining the biological, hydrological, optical, geochemical, and geological para-
meters of marine environment. Integrated researches in the White Sea started in 2000
in the frame of the project “The White Sea System” [7].

Water sampling for the SPM study was preceded by a profiling instrument
package measuring hydrooptical (beam attenuation coefficient, light scattering —
proxies for particle concentration), hydrophysical (conductivity, temperature,
depth), and biogeochemistry (fluorometer — proxy for phytoplankton, oxygen, pH,
Eh) parameters of the water column and was accompanied by sampling for nutrients;
bacterio-, phyto-, and zooplankton; and other special biogeochemical researches
(methane concentration, rates of biogeochemical processes, etc.). Satellite ocean
color data were used to show the areal distribution of SPM, chlorophyll, temperature,
and other bio-optical parameters in the surface layer of the White Sea on many time
scales [8—10].

The study of marine SPM provides knowledge on the cause-effect relationships
of the recent sedimentation process (from the source of matter to bottom sediments
deposition) and is a reliable basis for quantitative assessments of this process. For
geochemists and sedimentologists, the SPM is a matter of interest not only as a
material for the formation of bottom sediments but also as one of the occurrence
forms of chemical elements and phases in seawater [11-13]. The marine SPM is one
of the most powerful adsorbents on the Earth.
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The SPM is a heterogeneous material and normally includes abiotic (mineral) and
biotic (phytoplankton, detritus, partially bacterioplankton, spores) particles. The
SPM participates in biogeochemical processes as a primary reacting substance or
catalyst, and it is utilized by zooplankton and benthos during feeding via
biofiltration. Marine particles participate in phase-to-phase transitions; their surface
charge can change followed by alteration of their aggregative stability or coagulation
and flocculation. SPM can exhibit the properties of some colloids and at the same
time obeys the Stokes law [14].

There are many other reasons to be interested in SPM concentration and compo-
sition. Particles in the sea have a different grain-size and density; they scatter light
and sound differently, have different specific surface areas, and, consequently, have
different physicochemical ability and sedimentation rates. Bacteria, as well as SPM,
are a dispersed phase, and they can affect the optical and other properties of
seawater [15].

One of the main components of SPM in seas is a particulate organic matter
(POM): terrigenous (allochthonous “humic”) and biogenic (autochthonous
“sapropelic”). Chlorophyll “a” (Chl-a) is the most important component of the
primary organic matter, is present in almost all microalgae, and acts as a marker of
phytoplanktonic material in SPM. Chl-a and its derivatives can be regarded as a
proxy of the labile form of organic carbon [16]. In water column and bottom
sediments, they characterize the contribution of only phytoplankton, and no other
sources of organic matter.

In the Russian Arctic and Subarctic seas, to which the White Sea belongs, the
SPM concentration and composition are still poorly understood. The new data will
allow us to expand our knowledge of the recent sedimentation in the Arctic shelf
seas, which are under the influence of climate change [17]. This is an important issue
for the planned expansion of operations and investigations in the Arctic.

The Arctic seas, such as the White Sea, are subjected to a powerful river runoff
and coastal abrasion, so terrigenous (allochthonous) material is an important and
often predominant fraction of the total SPM [18-20]. The biogenic (autochthonous)
component of the SPM usually has a secondary significance, the share of which
depends on the primary production. Production and destruction of organic matter,
river runoff, supply of biogenic elements, and many other processes in the White Sea
have pronounced seasonal features [18, 21, 22].

The aim of this chapter is to present the results of long-term (2000-2012)
interdisciplinary researches of the SPM (concentration and major phase composi-
tion) in the White Sea for understanding of the recent processes operating in the shelf
seas and their role in the Arctic Ocean. Here, we report the SPM data in euphotic
zone and on full-depth sections. This paper discusses the main features in the
distribution of SPM concentration and bacterioplankton abundance, grain-size,
major constituents content (POC, particulate inorganic carbon (PIC), Chl-a,
lithogenic particles, etc.), and mineral composition. It allowed us to reveal the
sources of the SPM and the features of the spatial and temporal variability of its
concentration and composition in the White Sea.
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2 Materials and Methods

The materials for our study were collected in the 22 interdisciplinary expeditions
organized by 10 RAS (28 expeditions, including works in the river—sea interface)
(Fig. 1). Our research is based on SPM samples collected in the White Sea over
2000-2014.

Full sea depth sampling occurred on the basis of the hydrooptical (transmissom-
eters, IO RAS) and hydrophysical (CTD Idronaut Ocean 316, Sea&Sun 90M, and
SBE 25 plus) sounding profiles. The effect of hydrological conditions on the
formation of extremes of suspended matter concentration was estimated. The
paper [23, 24] reports on the hydrology and currents in the White Sea. Chemical
composition of particulate and dissolved river runoff is presented in the paper [25],
phytoplankton researches in [26], and biogeochemical processes in [22]. Water
samples were taken using Niskin bottles and Rosette devices.

The SPM mass concentration was determined by the standard technique of
vacuum filtration at 400 mbar using membrane filters (diameter 47 mm, pore
diameter 0.45 pm) [1, 27, 28]. Each sample (~5 L) was simultaneously filtered
through three or more membrane filters. The concentration was determined by
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weighing the filters within accuracy £0.01 mg, correlating with the volume of
filtered water. Total number of samples is 3,500.

The Multisizer™ 3 modification of a Coulter counter®, Beckman Coulter, USA
(~2,000 samples), was used to determine the concentration by volume and grain-size
(in the range of 2—-60 pm) of the SPM [14, 29]. The device was calibrated on board
the vessel using a standard latex suspension with a nominal particle size of 5 pm
(Coulter™ CC Size Standard L5).

SPM grain-size (1.22-118 pm) measurement in fresh river waters was carried out
using a Malvern 3600Ec, UK, laser diffraction analyzer (15 samples).

For the total count of the microorganisms, water samples were filtered through
Millipore ISOPORE black polycarbonate filters 25 mm in diameter with a pore size
of 0.2 pm (246 samples). For more details see [30, 31].

The concentration of Chl-a and pheophytin “a” (Pheo-a) was determined in the
samples with fluorometry (with extraction in 90% acetone) on a Trilogy 1.1 fluo-
rometer, Turner Designs, USA, according to the approach described in [32]. The
fluorometer was calibrated using the standard powder Chl-a, C6144-IMG Sigma,
Austria. The share of Pheo-a (%) was calculated from the sum of Chl-a and Pheo-a.

Before determination of the Chl-a concentration, POC, PIC, and its isotopic
composition (613CPOC), water samples were filtered under a vacuum of 200 mbar
through Whatman GF/F glass fiber filters (diameter 47 mm, nominal pore size of
0.7 pm) precombusted at 450°C for 4 h.

The POC and bulk particulate carbon were determined by the automatic coulo-
metric method on an AN 7560 carbon analyzer, Russia. Then, the PIC was determined
as the difference between these two values. For a concentration of 30-100 pg C/L, the
accuracy was +15%, and the measurement range was 5-500 pg C/L. The POM
content was determined as POC x 2 [33].

Values of 8'*Cpoc were determined after conventional preparation of samples on
a Delta Plus mass spectrometer, Germany, using the PDB standard with an accuracy
of +0.2%o [18, 22, 31].

The Si, Al, and P content in the SPM were determined by the photometric method
in line with the procedure [34] and modified for small weighed portions at the filter
by Isaeva and Lukashin, IO RAS [35]. The accuracy of this method is £15%. We
use Al as a tracer of lithogenic particles. We use the upper continental crust Al
content of 8.04% to calculate lithogenic phase of SPM [36].

The composition and morphology of the individual particles of the SPM were
studied by use of the VEGA-3sem TESCAN scanning electron microscope, Czechia,
equipped with the X-ray spectral microprobe Oxford INCA Energy 350, Great
Britain.

X-ray powder diffractometry was used to study the mineral composition of the
SPM: DRON-2.0 X-ray diffractometer, Russia, and Bruker D8 Advance system,
Germany [37].

Data obtained with a MODIS-Aqua satellite ocean color scanner (http://
oceancolor.gsfc.nasa.gov/) were used to analyze the areal distribution of water
temperature, Chl-a, and SPM, in the surface water layer. Images of the distribution
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patterns of these parameters were compiled, using regional algorithms developed at
the Laboratory of Ocean Optics, IO RAS, from our original field measurements [8,
10, 38].

For the White Sea, estimation of bio-optical parameters by the satellite data is not
an easy procedure, since several factors deteriorate correct calculation, including the
low Sun position above the horizon (this increases the number of errors in calculat-
ing the atmospheric corrections), high clouds, and intensive riverine discharge with
high content of colored dissolved organic matter (CDOM) [10, 38]. Development of
algorithms that may be applied in local and seasonal aspects in the shelf seas is
essential for reliable assessment of the satellite data; and this can be done only when
referring to the field data.

3 Characteristic of Sedimentation Area

Compared to the other Russian Arctic shelf seas, the White Sea is a distinctive basin
because it is semi-enclosed. It has quite small dimensions (area about 90,000 kmz, a
volume of 5,375 km3, an average depth about 67 m, the maximum one of 350 m),
has a strongly partitioned shape, and receives a fluvial input from a relatively large
catchment area of 715,000 km> [17, 39]. River runoff makes a dominant contribution
to the freshwater budget (a total annual discharge of about 225-231 km?) and little
influence of sea ice formation or melt [40]. There are major rivers Severnaya Dvina
(112 km® /year), Mezen (24 km3/year), and Onega (18 km? /year) in the eastern part
of the sea and many small rivers in the western part (Fig. 2). The bulk of the
terrigenous matter is supplied to the White Sea with riverine runoff during spring
flood which exceeds its supply during the summer mean water in two or more times
[41]. The SPM concentrations varied usually from 2.0 to 11.6 mg/L in the delta of
the Severnaya Dvina River in summer [9]. Despite the fact that the turbidity of river
waters is not so significant, the total amount of particulate river runoff may be quite
appreciable due to abundant annual runoff.

River waters are enriched in different forms of DOM including humates of iron
and manganese [47]. Mean concentration of dissolved organic carbon (DOC) in the
Severnaya Dvina River is 18 £ 2 mg/L [42]. Values of absorption by CDOM at
350 nm and DOC in surface waters of the White Sea basin are higher compared to
other river-influenced coastal Arctic domains [40]. In this regard, the waters of the
White Sea are characterized by the strongest absorption of solar radiation in com-
parison with the Kara Sea (subjected to huge river runoff) and especially the Barents
Sea (with a small river runoff). Almost all the solar radiation entering the water is
absorbed already in the upper 10-15-m layer [43].

The White Sea is characterized by a short vegetation period (210-123 days/year
in different parts of the sea) [39]. Significant temporal and spatial variability in
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Fig. 2 The map of the White Sea, its bathymetry (based on IO RAS and GEBCO bathymetry),
major currents shown by black arrows, and hydrological fronts shown by gray-dashed line (data
from [23, 24])

euphotic zone primary productivity obviously causes variations in particle concen-
trations in the upper water layer [26].

The surface salinities are 24—28 and about 30 psu near the bottom [23]. Interaction
between water masses of the White and Barents Seas is controlled by strong tidal
mixing in the narrow and the relatively shallow Gorlo Strait, where current velocities
of up to 2.5 m/s have been reported [17]. Tides flow into the White Sea from the
Barents Sea as regular semidiurnal waves [14]. A water residence time is 5—6 years
which is longer than that in neighboring Arctic shelf seas (1-2 years for the Kara
Sea). Water masses from the Barents Sea have the Atlantic origin. They are charac-
terized by a consistently high salinity of 34-35 psu and a relatively high temperature
for the Arctic seas varying by seasons within about 3—8°C [23] (Fig. 3).

Waters with a quasi-homogeneous vertical distribution pattern of thermohaline
characteristics are confined to the Gorlo and Onega Bay (due to tidal mixing) and
stratified waters — to the Basin, Dvina, and Kandalaksha Bays. Nearby the large river
inlets (such as the Severnaya Dvina, Onega, and Mezen) as well as between Gorlo
and Basin, and between Onega Bay and Basin, the distinct hydrographic fronts are
commonly found [24, 44].

It was revealed the climate warming in the Arctic Region has caused a reduction
in freshwater inflow into the White Sea and an increase in evaporation [17] that may
influence the SPM sources into the sea.



20 M. D. Kravchishina et al.

AN
— - ‘ I
White Sea
| }"W x ﬁ

Fig. 3 Sea surface temperature (SST) distribution in the White Sea derived from MODIS-Aqua
data. Image was composited over August 1-28, 2003, and provided by I0 RAS, Ocean Optic
Laboratory

4 SPM Sources

The distribution and dynamics (seasonal and interannual variations in the amount
and composition) of SPM are determined by the sources of SPM. The main sources
are allochtonous material (mostly transported by large rivers) and autochtonous
(biogenic) matter. Allochtonous matter is supplied primarily by the Severnaya
Dvina River (the peak is during flood in May). The distribution pattern of auto-
chtonous material is determined by primary production.

In the beginning of the hydrological spring, the main SPM sources are cryosols and
algal flora which are supplied during the sea- and river-ice melting. Mean concentra-
tion of particulate matter in sea-ice is about 5 mg/L [20]. This is a substantially lower
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value than that for Siberian shelf seas. The sediment laden sea-ice is composed of
mostly biogenic matter (diatoms, as a rule) [45]. The beginning of the biological
spring is observed in the first decade of April.

Phytoplankton abundant in the White Sea is characterized by two maxima: in April—
May and in June—July with domination of diatoms. In the end of summer (sometimes in
July) in addition to diatoms, dinoflagellates dominated too [46]. Autumn phytoplank-
ton blooms are usually weakly expressed.

Coastal abrasion material makes a significant contribution to the SPM concen-
tration in the Mezen Bay and Voronka, on their eastern coasts [2]. The main part of
material (first of all, the sandy-silty fraction) accumulates in the shallow tidal
zone and in the zone of alongshore currents. In shallow Onega and Mezen Bays,
resuspension processes caused by tidal currents and storm effects, at small depths,
play a significant role.

Aerosols are one of the SPM sources. The concentration of insoluble aerosol
particles above the sea is about 0.17 pg/m>. This value is close to the average con-
centration for the Russian Arctic seas. The flux of aerosols to the water surface of the
White Sea amounts 54,000 tons/year.

Evaluation of aerosol and coastal abrasion matter’s fluxes is much lower than
particulate river runoff. The total particulate runoff of three largest rivers (Northern
Dvina, Mezen, and Onega rivers) is 5 million tons per year [19, 47]. If we take into
account that about 70-80% (for different rivers) of the river particulate matter is
deposited in the area of marginal filters [28], then approximately 250,000 tons/year
of this material enters to the sea, which is about five times higher than the contribu-
tion of aerosols. Nevertheless, the supply of aerosols to the White Sea areas far from
the large river mouths may be significant for some trace elements [48].

5 SPM Concentration by Mass and Volume in Surface
Water Layer

The spatial and temporal variations in SPM concentration in the White Sea are
caused by direct input of mineral particles from the catchment areas and river runoff,
first of all the Severnaya Dvina River. Besides, there is an indirect SPM input
resulted from diatom blooms which are controlled by supply of nutrients and quite
narrow euphotic layer because of CDOM high content.

5.1 Mass Concentration of the SPM in Surface Layer

The typical SPM distribution pattern in the White Sea is presented in Fig. 4. Isoline
positions can change significantly in the coastal zones, in areas of river marginal
filters, and in frontal areas.
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Fig. 4 The principle schematic map of the SPM distribution in the White Sea in summer,
mg/L. Values of SPM concentrations are marked on isolines

The average SPM mass concentration beyond the river mouths was detected to be
~1.0-1.4 mg/L in the White Sea (June—September, 2000-2014). This value appeared
to be close to the corresponding value in the Kara Sea (~1.2—1.3 mg/L on average for
2007 and 2011) and Laptev Sea (~1.7 mg/L on average for 2003, 2004, 2007, and
2008) [49]. Such a similarity is explained by the fact that these Arctic seas are
subjected to strong influence of the river runoff, which controls the formation and
spatial distribution of marine SPM. On the contrary, these values exceed the same
parameter by 3—4 times in the Barents Sea where concentration usually varied from
0.2 to 0.5 mg/L, rarely to 1 mg/L, in summer 2017 [unpublished data] and autumn
1997-1998 [50].

Higher values of SPM concentration (>1 mg/L) were usually detected in the river
mouth’s area and located in a narrow (up to 20 km wide) coastal zone. Here, the
complex structure of lateral fluxes of SPM is formed. This pattern is also evident in
the other Arctic shelf seas [3, 49, 50]. Isolines of the higher SPM concentration
generally run in parallel to the coastline (Fig. 3). The values of the SPM concen-
tration decrease by a factor of 5-10 with distance off the coast. This phenomenon is
characteristic for many shelf seas and coastal areas of the World Ocean [1].

SPM concentration may be changeable due to wind stress and tide phase. After
the storm of July 2010 (intensity was up to 4 on the Beaufort scale), the water
turbidity in the surface layer increased in 1.5-2 times (Fig. 5). Using the ADCP, the
SPM dynamics dependence on the tidal cycle was studied at the diurnal stations:
(a) the SPM concentration decrease in the high tide period, while it increases at low
tide; and (b) variations in the SPM concentration within the whole water column
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Fig. 5 The SPM and Chl-a concentration in the surface water layer of the White Sea before and
after storm in July 2010. The SPM concentration (a) before storm, images were composited over
July 20-24, (b) after storm, images were composited over July 25-29; Chl-a concentration (c)
before storm and (d) after storm

reached 1.5-fold or even more (depending on the sea depth), both in the coastal and
in distant zones (arbitrarily, down to the isobaths of 100 m) [10].

Despite the fact that the freshwater input of the Severnaya Dvina River is
significantly higher than that of the Onega and Mezen Rrivers, the water turbidity
is much larger in adjacent to the mouth areas of the latter. It’s connected with
powerful tidal mixing and resuspension processes in the Onega and Mezen Bays
according to Dvina Bay.

In the central part of the White Sea (so-called Basin), SPM concentration varied
from 0.3 to 0.8 mg/L, up to 1 mg/L locally. The likely reason for this is the
anticyclonic water circulation in the White Sea, which transports the SPM along
the coasts and prevents its inflow to the open sea areas. Excess water of low density
(transformed water river) enters the Voronka and Barents Sea through the Gorlo
Strait from the sea itself, where a constant outflow current (with SPM concentration
about 1-2 mg/L) is directed along the eastern coast of the Dvina Bay and Gorlo Strait
(Zimny Coast) (Fig. 2).

The Barents Sea waters enter the Basin through the Gorlo Strait mainly along the
western Tersky Coast, compensating current (Fig. 3). The SPM concentration in
these waters is noticeably lower (about 0.4 mg/L) than that along the eastern coast in
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the outflow current. SPM concentration varied from 0.2 till 1 mg/L in the Voronka
region. The trace of the White Sea own water was revealed near the northern
boundary of the sea close to eastern coast [3].

Besides the anticyclonic circulation, hydrological fronts (tidal mixing fronts,
local upwelling, currents, river marginal filters, etc.) distort the pattern of gradual
decreasing of the SPM concentration in the off-the-coast direction. In these areas,
gradient zones are formed (SPM fronts and biogeochemical barriers), and their
positions can change seasonally.

The water salinity is the main factor that controls the changes in the SPM
distribution in the marginal filter of the rivers [28, 51]. The SPM concentration
decreases exponentially by up to 79% as salinity grows in the marginal filter area of
the Severnaya Dvina River. So, close to the mouth area, concentration reached
6-3 mg/L in June and August, respectively.

A quasi-constant zone of low-temperature anomaly, located southeast of the
Solovetsky Archipelago, is characterized by low SPM concentration (up to
0.2 mg/L) (Fig. 3). Primary production here is minimal due to wind stress at small
depths that, however, promotes increase in the photic layer thickness [52].

In the Basin and Kandalaksha Bay, increased SPM concentration (>1 mg/L) was
usually related to local phytoplankton growth, under the condition of sufficient
nutrient supply [26]. Usually SPM concentration in Kandalaksha Bay (0.3-0.6 mg/
L) was close to that in the Basin because of low particulate river runoff [4, 5].

5.1.1 Seasonal Variability

Broadly, we revealed seasonal variability is most expressed in the Dvina and Onega
Bays (influenced by river runoff) and least expressed in the Kandalaksha Bay and in
the Basin [10]. Low SPM concentrations were reported for July—August, while high
ones were observed for May and often for September. The width outflow current in
the Dvina Bay (where transformed river water is traced by SPM, temperature, Chl-a,
and dissolved organic matter on the images of MODIS-Aqua) is characterized by
seasonal and interannual variability, and this is verified by the data from paper
[21]. In the Onega Bay, the highest SPM concentration is observed most often in
September and likely caused by strengthening from storm-induced mixing [9].

In general, the spatial and temporal variations in the SPM concentration in the
White Sea are directly (mineral particles from the catchment area) or indirectly
(diatoms blooming due to supply of biogenic elements) caused by river runoff.

The SPM concentration in the Mezen Bay (May—September) is usually high
(about 2 mg/L and higher), which is mainly caused by coastal and bottom abrasion
and the most powerful tidal mixing (flow velocity up to 250 cm/s, tide height up to
9.8 m) at shallow depths (<10-50 m) and partly by the influence of the
Mezen River runoff.
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The data on the SPM concentration in winter (under the ice) was quite poor. At
the end of hydrological winter (e.g., in the end of April 2003), it varies from 0.2 to
1.6 mg/L. The highest concentrations were reported in the Basin, as a result of
enrichment surface water by biogenic particles (usually diatoms).

5.1.2 Interannual Variations

The greatest amplitude of the average annual variability in the SPM concentration
was revealed in the Dvina, Onega, and Mezen Bays and in the eastern part of Gorlo—
Voronka area affected by river runoff. However, the greatest relative difference
between the average annual values for different years was 18% (the significance
value is 0.05; confidence probability is 95%) [10]. The differences between the
maximal and minimal average annual concentrations were statistically significant
only for the Kandalaksha and Mezen Bays. The minimal average annual SPM
concentration in the entire sea was observed in 2007, the year of the lowest sea-ice
extent in the Arctic marginal ice area. Changes in ice conditions in the Barents—Kara
Sea region appeared to be primarily forced by ocean heat fluxes during winter [53].

Based on the satellite data, the interannual linear trends of sea surface temper-
ature, SPM concentration, Chl-a content, and CDOM absorption have been esti-
mated; these estimates have shown no significant trend for the discussed period of
2003-2010 [38].

A significant correlation has been revealed between the average annual SPM
concentrations in the White Sea as a whole, the eastern part of the Gorlo—Voronka
region, and the Dvina Bay (r = 0.7, n = 8). This correlation indicates the determin-
ing role of the Severnaya Dvina River inflow in SPM dynamics of the White Sea.
Additionally, a relationship has been found between the average annual values of
SPM concentration in the western and eastern parts of the Gorlo—Voronka region
(r=0.75, n = 8); this relationship is caused by intensive turbulent mixing and lateral
suspended particulate transport in this region [24].

Finally, we would like to conclude that the SPM concentration in the White Sea’s
surface active layer is about 1 mg/L, on average. The main sources of SPM in the
White Sea have been found: mineral particles of river runoff origin and marine
phytoplankton. First of all, they are particles supplied from the catchment areas with
the river runoff (the most intensive flow is in May) and only partially supplied from
melted ice cover (usually in April). Abundance of phytoplankton is caused by a
combination of many abiotic factors, including the supply of nutrients with river
runoff and melted ice. The local hydrological conditions promote the formation of
high spatial variations of the SPM distribution.

We found out a relationship between the dynamics of the average annual SPM
concentration in the White Sea as a whole and in the constant outflow current which
transports water of the Severnaya Dvina River along the Dvina Bay to Gorlo Strait
coast. We can suppose that seasonal and annual variability in the SPM concentration
could decrease during climatic warming in the Arctic.
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5.2 SPM Concentration by Volume in Surface Layer

The SPM study in the White Sea with the Multisizer 3 (Coulter counter) device
demonstrated a good consistency with the data obtained by the traditional vacuum
filtration method and optical measurements (Fig. 6).

The SPM concentration by volume in the White Sea varied from 0.2 to 5 mm*/L
and approximately 1.0 mm?/L in average. The highest concentration was influenced
by the river runoff area. SPM concentration by volume was about 5 mm®/L in
adjacent to the Severnaya Dvina River mouth (Table 1). The lowest one was
observed in the upwelling nearby the Solovetsky Archipelago where the low primary
production and phytoplankton abundance were detected.

The distribution of SPM concentrations by volume in the White Sea corresponds
to the main features in the distribution of mass concentrations. However, SPM
concentrations by volume are a reliable proxy for biogenic (phytoplanktonic) parti-
cles, whose sizes vary from 2 till 200 pm commonly. In addition, there are different
approaches to measurement procedures.

We have made a comparison of the SPM concentration by volume (0.5-5 mm®/L)
and the phytoplankton abundance (0.1-3.7 mm?/L) [52]. According to our calcu-
lations, percentage of phytoplankton in total SPM varied in the different regions of
the White Sea: 27% in the Dvina Bay nearby the Severnaya Dvina River mouth, 40%
in the Basin, and 65% in the Kandalaksha Bay. The content of terrigenous particles
decreased with distance from the river mouths, although remains quite high (till
40%) in the open water areas.

In the coastal waters, we observed significant variations in SPM concentrations
(from 1 to 5 mm*/L in the marginal filter area of the Severnaya Dvina River). These
variations depend on the river runoff volume, the tidal phases, and the water salinity.
The position of the marginal filter is limited to isohalines of about 0.2 and 24 psu [28].
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Fig. 6 The relationship between SPM concentration by mass and volume (a) and between light
attenuation coefficient and fine fraction of the SPM (b) in the White Sea
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Table 1 The SPM concentration in the surface layer of the White Sea after spring flood in

June 2003

SPM concentration by

volume, mm>/L

SPM mass
concentration, mg/L

Total number of
bacterioplankton, th. cells/mL

The inlet part of the Dvina Bay

Variations | 3.1-4.6 2.1-6.5 430-588
Mean 3.8 4.6 487
Sample 4 5 3
number

Dvina Bay

Variations | 0.7-2.9 04-3.4 55-219
Mean 1.4 1.3 138
Sample 29 28 16
number

Area of Solovetsky Archipelago

Variations | 0.4-0.9 0.4-1.2 64-96
Mean 0.6 0.8 81
Sample 12 12 4
number

Kandalaksha Bay

Variations | 0.6-1.3 0.3-0.9 110-160
Mean 0.9 0.5 138
Sample 9 9 4
number

Basin

Variations | 0.5-2.0 0.3-1.2 49-240
Mean 1.0 0.7 158
Sample 22 22 8
number

Mean for the sea proper (excluding the inlet part of the Dvina Bay)

Variations | 0.4-2.9 0.3-3.4 49-240
Mean 1.0 0.9 134
Sample 72 71 36
number

The SPM concentration in the Severnaya Dvina delta reached 5.8 mm®/L where
the water salinity was about 5 psu (coagulation and adsorption stage of the marginal
filter). As the water salinity increased to 20 psu, a decrease in the SPM concentration
was observed. It is remarkable that, in the mouth areas of the large Siberian rivers
(Lena, Yenisei, Ob, Pur, Taz), high gradients in the SPM concentration decrease
were established, which is approximately similar to the marginal filter of the
Severnaya Dvina River within the hydrological front under salinity of 20 psu
[54]. The sharp increase in the SPM concentration by volume was revealed in waters
with salinity exceeding 23-24 psu in the area located immediately beyond the
boundary of the saline front due to an increase in phytoplankton share in total

SPM [28].
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6 SPM Concentration by Mass and Volume in Water
Column

The vertical distribution of SPM in the deep part of the White Sea, as well as the
hydrological structure, has a three-layered structure. There are two maxima of the
SPM concentrations at the surface (the surface active layer above the pycnocline)
and at the near-bottom layer (nepheloid layer) separated by intermediate more clear
water. Vertical stratification depends on heating intensity and freshwater input
mostly in summer and salinity distribution basically in spring [23].

The temperature and density stratification of the water column and, as a conse-
quence, SPM stratification are most pronounced in the deep part of the sea in
summer. Density deformation of the vertical structure of the water column in
summer forms a so-called liquid bottom, where a significant part of samples for
SPM study was collected (usually at the layer of 5-20 m). The pycnocline (thermo-
cline) depth usually ranges from 11 to 22 m. Subsurface pycnocline (close to water
surface of 5-10 m) is formed more rarely near the surface of the sea. Beneath the
pycnocline the SPM concentration decreases by 3—4 times (Fig. 7).

In summer, the intermediate more clear layer (deeper than 40 m) consists of
warm and cold waters of advective origin [23]. The SPM concentration reached
0.2-0.3 mg/L in this layer that is close to the same concentration in the
Barents Sea [50].

In spring (April 2003), the thickness of the upper (winter convective) layer came
to 20-50 m (it is the boundary of the cold intermediate layer). The SPM concen-
tration in water column varied 0.5-0.6 mg/L (deep sea areas) and increased till
0.8—1 mg/L just in the thin near-surface layer (spring phytoplankton bloom). The
particles accumulated above and within the pycnocline during summer (when the
strong seasonal stratification observed) begin to float and spread within the winter
convective layer. The SPM didn’t sink, since this is prevented not by pycnocline
(like in summer) but by a gradual increase in water density with a depth below the
thermocline [24].

A weak stratification or even a homogenous vertical distribution of SPM, tem-
perature, and density was revealed in the Onega and Mezen Bays.

The thickness of the near-bottom nepheloid layers in the White Sea ranged from a
few meters to a few tens of meters (10-20 m, on average). The SPM concentration in
the nepheloid layer of the White Sea (up to 5 mg/L in the shallow area) is close to
values in the nepheloid layer of the Barents Sea. However, the turbidity and
thickness of these layers are usually much lower than in the Kara, Laptev, and
East Siberian Seas [49, 50].

We revealed a powerful bottom nepheloid layer nearby the eastern coast of the
Dvina Bay (outflow current) with SPM concentration till 5 mg/L in summer. The
next one is located in the Gorlo Strait where the SPM concentration of the
bottom nepheloid layer was always high (till 3 mg/L) in any tidal phase.
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Fig.7 The distribution of SPM concentration by volume according to the White Sea depth in June,
75 samples (a) and August, 398 samples (b)

Since a relatively clarity of the Barents Sea waters inflow along the Tersky Coast
to the White Sea, the SPM stratification there differs from the other regions. Here, the
presence of powerful temperature inversions (up to 2°C) and turbidity fluctuations
with depth were observed.

Waters with the similar T°-S indices were found in the deepwater part of the
Basin in June 2003 and in the Gorlo Strait at the end of the hydrological winter, April
2003 [24]. The near-bottom water’s hydrophysical characteristics in June fully
coincided with the winter observations. The SPM concentration in the near-bottom
layer (250-280 m) of the Basin in June corresponded to its values detected in this
water mass in the Gorlo Strait in April (0.7-0.9 mg/L and 0.3 mm®/L). These
concentrations were slightly higher than that one in the intermediate water mass,
where they did not exceed 0.3 mg/L or 0.1-0.2 mm?®/L. It may be caused by the
phenomenon of cascading. It is assumed that the cascading has an advective and
gravitational origin [4].

Some full-depth vertical transects are displayed in Figs. 8 and 9. SPM distribution
is characterized by vertical stratification with maximal concentration in the upper
active layer (10-15 m) according to the density and temperature structure.
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For isolines of SPM concentration and density, a quasi-horizontal distribution
pattern is typical, reflecting a sharp thermocline with an axis on the 15 m depth
and a coexisting halocline (Fig. 8).

Sometimes we observed subsurface lenses of turbidity waters in the areas close
to hydrological fronts. Some kind of the turbid lenses were observed in the
Kandalaksha Bay at the layer of 50-150 m in August and June. This is a conse-
quence of the widespread phenomenon in the White Sea of interlayer transport, a
related process to the so-called cascading — the sliding down of water off the slope in
winter and the movement of water from the surface to a layer of 20-60 m in summer
[4, 24].

Turbid waters nearby the Tersky Coast obviously resulted from some physical
processes such as a tidal mixing and coastal upwelling.

One of the most interesting transects crossed the Gorlo Strait is shown at Fig. 9.
One can clearly see the transport of transformed river water enriched in SPM and
relatively clear water inflowed from the Barents Sea.

7 Chlorophyll “a” Concentration

The average concentration of Chl-a in the photic layer usually exceeds 1 pg/L
(reaching 9 pg/L, and sometimes 21 pg/L, in the shallow inlets of the bays), i.e.,
the threshold for characterizing the waters as eutrophic ones. The thickness of photic
layer in the White Sea is 10-15 m on average. In summer, the maximal concentration
was observed in the surface water layer (about 0—12 m), sometimes in the subsurface
layer of 0-5 m. The maximal annual variability of Chl-a concentration in the photic
layer was observed in the Dvina Bay [55].

According to the optical measurements both in situ and by satellite scanners, the
depth of 1% of PAR varies from 7.0 to 8.8 m, and 0.1% of PAR was found at
11.2-14.5 m, respectively [43]. The water masses of the White Sea are characterized
by high solar light absorption comparing to the Barents Sea and the Kara Sea. This
difference is primarily preconditioned by the content and composition of both the
SPM and CDOM,; the concentration of the latter is extremely high in the White Sea.
The maximal photosynthetic activity in the White Sea was observed in the quite
narrow surface water layer. Our data allowed us to conclude that photic layer in the
White Sea is approximately less than 15 m depth; it varied from 2-5 m (Dvina Bay)
to 20-25 m (deep part of the White Sea).

The average concentration of Chl-a in photic layer in June exceeded the values of
July nearly twofold and more than twofold in August. In most of areas of the White
Sea, in the late summer, the phytoplankton biomass was lower compared to spring
and early summer. The studies of primary production in late August of 2001-2007
[31, 52] also support this observation. The results evidenced the oligotrophic status
of the water masses in the central White Sea and the open part of the Kandalaksha
Bay. The water masses of the Dvina and Onega Bays may be characterized as
oligotrophic—mesotrophic in August. The minimal concentrations of Chl-a in the
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White Sea are referred to the start and the end of the productive season, i.e., April
and October, respectively.

When the water column is stratified well (deepwater area of the sea), a maxima of
Chl-a concentration was observed above pycnocline, which usually coincided with
the halocline; this refers to the pattern of the phytoplankton vertical profile.

Seventy percent of the phytoplankton biomass and Chl-a was concentrated in the
photic layer (July 2009) [26]. Subsurface Chl-a maximum (3—5 m) was observed in
the open water area of the Dvina Bay. There was surface Chl-a maximum in the area
subjecting the Severnaya Dvina River flow (0—1 m) and in the Onega Bay and the
Basin (0-3 m).

Subsurface Chl-a maximum was often detected in the photic layer; there was a
tendency to increase the nitrate concentration as it approached the upper boundary of
the thermocline (July—August 2014) (Fig. 10). The highest concentrations of nitrates
were confined to the under thermocline water layer (up to 9 pg-at N/L).

The subsurface Chl-a maximum was observed in the 3-12 m water layer in
August 2013 at most sites of the White Sea [56].

The highest biomass of phytoplankton and, accordingly, the concentration of
Chl-a were usually recorded in weakly stratified waters, where nutrient supply is a
result of tidal mixing. In the sharply stratified waters of the sea during the summer
season, the supply of nutrients to the photic layer is limited, and the abundance of
phytoplankton was low. Probably one of the significant factors determining the
spatial heterogeneity of phytoplankton can be the penetration of freshwater lenses
from the Dvina Bay to the Basin of the sea [26].

Below the pycnocline, the concentration of Chl-a decreased greatly with the sea
depth increased. A decrease in the Chl-a concentration down to 0.5 pg/L and lower
was observed in the intermediate water masses (depth range of 20-60 m, on average
50 m) and near-bottom water masses originating from the Barents Sea.

The concentration of Chl-a may reach extremely high values of 1-2 pg/L in the
intermediate and near-bottom water masses (depths of 30-90 m) in the area of
the structural hydrological front in the southern part of the Gorlo Strait. The phyto-
plankton biomass here was also high, which refers to the summer phytoplankton
bloom [26].

Generally, the concentration of Chl-a in June—July varies from 0.05 pg/L (near-
bottom water layer) up to 2.5 pg/L (surface-mixed photic layer), reaching 9 pg/L
(and sometimes 21 pg/L) in the shallow inlets of the bays. The spatial distribution of
Pheo-a was also patchy, as is observed for Chl-a. The content of Pheo-a varied from
0.6 to 100%. Alongside with that, a high share of Pheo-a (more than 50%) was
usually observed in the intermediate and near-bottom water masses and also in the
upper water layer of the river runoff and in the area of the salinity fronts.

So, the concentration of phytoplankton varies greatly in different areas of the
White Sea during summer [26]. It was found that the distribution of Chl-a was also
not uniform. The riverine inflow and hydrodynamics of the sea (hydrological fronts
and increasing of the vertical gradients of water density) have the most pronounced
effect, while water heating has a less effect.

The assessment of the monthly average of Chl-a concentrations in the different
areas of the White Sea obtained by satellite observations evidences the similarity of
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the dynamics of Chl-a concentration and the SPM concentration [55]. However, the
Chl-a dynamics is smoother. On the one hand, the concentration of Chl-a and SPM
in the photic layer is controlled by the entrance of allochtonous matter with riverine
discharge, which predetermined their similarity. On the other hand, the concentra-
tion of Chl-a (proxy of autochthonous matter) depends on the primary production
intensity. The PAR depth and enrichment of the surface water layers in nutrients due
to the mineralization of POM in the pycnocline smooth the seasonal variability of the
Chl-a concentration during summer low-water in the catchment area.

The highest Chl-a concentrations are in the Onega, Dvina, and Mezen Bays,
which are preconditioned by the riverine supply of nutrients.

The influence of the wind stress on the vertical distribution of Chl-a concentration
was well pronounced in the photic layer. After the storm (up to 4 on the Beaufort
scale, with a wind speed up to 16 m/s, July 2010), the average concentration of Chl-a
in the upper layer in the Dvina Bay decreased by approximately 1.5 times. The
SPM and Pheo-a concentration were correspondingly (by the same amount)
[55]. According to the satellite images, the wind stress had a significant effect on
the Chl-a distributional pattern for the most area of the White Sea (Fig. 5).

The concentration of Chl-a in the White Sea is significantly higher compared to
the Barents Sea and the Pechora Sea and is quite similar to the Kara Sea, which is
also affected strongly by intensive riverine discharge.

Despite the fact that Chl-a constitutes an insignificant part of the SPM (0.1-1.0%
of dry weight), a positive correlation was found between these parameters, which
becomes stronger in the areas affected by riverine discharge (» = 0.8 in the marginal
filter of the Dvina Bay, n = 13). The correlation coefficient may vary and even reach
zero depending on the phenological season.

A well-pronounced direct correlation between Chl-a and POM concentration was
found for the different water masses of the White Sea [55].

These relationships are primarily predetermined by the same factor, i.e., by the
riverine discharge, which carries both SPM and nutrients to the White Sea.

The typical full-depth vertical distribution of Chl-a are displayed in Fig. 11. The
effect of the outflow current from the Dvina Bay was clearly shown. The high
concentrations of Chl-a in a thin photic layer related the current were well illustrated
(Fig. 11).

Finally, we would like to conclude that variability of monthly averages of Chl-a
concentration, as calculated by the satellite data, evidences the similarity of seasonal
dynamics of Chl-a and the SPM concentrations.

The maximal concentration of Chl-a (3-9 pg/L) was registered during the sum-
mer period at depths usually of 0-5 m and at deeper layers till 10—12 m. Most of the
POM was synthesized by the phytoplankton during photosynthetic processes in a
relatively narrow surface water layer of about 0—12 m, i.e., in one of the most
biochemical active water layers.

Subsurface Chl-a maximum (3—-12 m) was observed in well-stratified waters in
summer. Surface Chl-a maximum was registered at the hydrological fronts, in the
tidal mixing areas with low sea depth and in the river lenses (enriched with nutrients)
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Fig. 11 The full-depth cross section of Chl-a concentration (a) and temperature (b) in the outer part
of the Dvina Bay in July 2012

penetrated to the open water area as a result of wind stress. We generally found that
both increased pigment per cell and cell numbers of phytoplankton in the White Sea.
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8 SPM Grain-Size Distribution

The SPM, as a rule, has micron and submicron sizes. The SPM mostly consist two
fractions: (1) 0.4-10 pm, pelitic, and (2) >10 pm, fine and coarse silty [57]. The
most abundant particles in seawater are till 20 pm in size [58]. Sandy fraction
(separate particles of detritus, secondary particles — coarse aggregates) is less
common in the sea. This fraction is unstable in terms of sedimentation, and it
forms the basis of vertical fluxes of sedimentary matter. The fractions here and
further are distinguished according to the classification of Bezrukov and Lisitsyn
[59] for marine bottom sediments, accepted in IO RAS, and underlying all maps of
bottom sediments in the Atlas of the Oceans published in 1974-1980, USSR.

The SPM grain-size of the White Sea is formed under two main sources —
lithogenic and biogenic ones — which are in complicated interactions in space and
time. In this connection, the grain-size diversity of the SPM is due, first of all, to the
different contributions of phytoplankton and riverine mineral particles. There are
12-25 million particles/L in the White Sea and 5—6 million particles/L in the open
Atlantic Ocean.

The most common type of the SPM is silty—pelitic polydispersity, since the
content of each fractions is rarely exceeds 50% (by volume).

The SPM of the White Sea was characterized by medium sorting as a rule.
Median diameter (Md) of the SPM varied from 3 to 11 pm. Similar values were
obtained for other seas of the Arctic as well. Due to the fact that the SPM is usually
polydispersity, Md can deviate significantly from the modal diameter.

In the Arctic shelf seas such as White, Kara, and Laptev, the increased content of
pelitic fraction (>50%) is a proxy of the transformed river particulate flow (Figs. 8
and 9). The content of lithogenic particles and the content of pelitic fraction
decreased with the distance from the river mouths.

The high content of pelitic fraction tends to the regions of river water discharge in
the White Sea. Thus, the content of fine particles <5 pm usually exceeded 50%, and
their Md was less than 5 pm. The sorption capacity of the SPM was maximal in the
area of the Severnaya Dvina River marginal filter and decreased in the direction to
the central parts of the sea. It is well known that the high dispersity of the SPM
increases the sorption activity of the particles and may promote the development of
bacteria. We showed that, in the White Sea, more than 60% of the total number of
bacterioplankton (TNB) consisted of cells attached to detrital particles (Table 1)
[30]. Each of these particles, as a rule, is saturated with bacteria, mostly in the form
of rods and cocci.

The grain-size transformation of the SPM in the marginal filter of the Severnaya
Dvina River was studied in August 2005 [30]. At the first stage, in the earliest steps
of mixing river and seawater (salinity of water from 0.2 to 2 psu), the sandy and silty
fractions were deposited. The decreasing of SPM concentration was accompanied by
a twofold decrease in TNB (from 360 to 170 th. cells/mL).

Coagulation and sorption stage of the marginal filter were revealed between
isohalines of 2—15 psu. Here, the principal sorbents are iron hydroxides, organic
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matter, clay minerals, and siliceous and calcareous organism remains. At this stage,
the greatest specific surface area of the SPM, according to the data of the laser
analyzer, corresponded to its lowest Md and the maximal value of the TNB (520 th.
cells/mL). Bacteria settled over the newly formed aggregates. In addition, at water
salinity of 2—15 psu, the extinction of both freshwater and marine plankton occurs; as
a result, DOM is released to provide the development of bacteria.

At the third (so-called biological) stage (water salinity 15-24 psu), the silty
fraction prevailed in SPM due to phytoplankton development. It is shown that
phytoplankton bloom is usually observed along the outer boundary of the marginal
filter, where water salinity reached to 23-24 psu. The decline of the TAM (till 150 th.
cells/mL) is caused by decrease in the amount of detritus (to which the development
of bacterial cells is strongly related) and by the intensive formation of alive organic
matter, which limits their development by the food and competitive interrelations.

So, we established that the water salinity is the main factor that controls the
changes in the grain-size distribution and composition of the SPM in the marginal
filter. The concentration by volume of fine particles (2-5 pm) and water salinity
demonstrated negative correlation between each other (R2 =0.86, n = 24).

The largest variations in the SPM grain-size composition were found in the photic
layer of the White Sea (about 0—15 m). The pelitic fraction (2—-10 pm) prevailed in
the surface water layer in June. The content by volume of the fraction reached
70-90%. During this period, the SPM can be called predominantly pelitic.

The content of pelitic fraction (40-70%) in surface layer was lower in August
than in June. But maximal content of the fraction was always confined to the
Severnaya Dvina River mouth. The Md of SPM in the outflow current was
5-7 pm which marked the trajectory of the current.

We revealed the influence of tidal phase on SPM grain-size composition. During
the high tide, the content of the pelitic fraction decreased by almost twofold, while
the silty fraction increased also by twofold in comparison with that during low tide in
the Dvina Bay. The grain-size curve had bimodal distribution during high tide: 3 and
12 pm. The second peak connected with diatoms had been smoothed during low tide.
The SPM of the transformed Barents Sea waters was characterized by a lesser sorting
of particles than the river particulate matter during low tide.

The vertical zonality is reflected in SPM grain-size distribution and explained by
stratification of the water column. In the surface layer (above pycno- and thermo-
cline), the SPM grain-size is characterized by bimodal distribution: the first peak
corresponds to the pelitic fraction, while the second peak coincides to the fine silt
fraction. Under the pycnocline (~10 m), the content of silty fraction sharply reduced
and the share of fine particles increased. Md was often several times reduced under
the pycnocline layer in comparison with the surface water layer. This implies that the
barrier effect of the pycnocline is reflected in the SPM grain-size according to
hydraulic weigh, size, and composition. This layer, which is also referred to as
“the liquid bottom,” represents a trap for biogenic particles firstly (especially for
plankton remains, which density is close to the density of the surface water). A
bacteria growth is noted above the vertical density gradient. The abundance of
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bacteria most often features a peak immediately beneath the SPM maximum, i.e., in
the layer with the maximal content of detritus.

In the stratified water column, the content of pelitic fractions (2—-10 pm) changed
a little. This is so-called basic particles dispersion background of seawater.

Thus, extremes in the SPM distribution are governed by both the grain-size of
primary material (sources) and trend of its transformation in water body.

Particles disperse system in the seawater is unstable. Coagulation rate of sub-
micron particles is several orders of magnitude higher because of the Brownian
motion as compared with that of their coarser counterparts [14]. Precisely this
difference in coagulation rates is likely responsible for the aggregation of submicron
particles and appearance of peaks in the fraction of 3—6 pm in deep water layers.

The content of silty fraction increased (till 60%) in the near-bottom nepheloid
layer (particles and aggregates). The TNB growth in the near-bottom layer was often
related to the nepheloid layer. This phenomenon is caused by the increase in the
contents of the products of the OM destruction at the bottom; its decay also proceeds
in the surface layer of the bottom sediments.

There is no recent sediments deposition in the area with high content of silty
fraction and large Md (>10 pm) of the SPM in the nepheloid layer. Thus, glacial
marine sediments and ridges of glacial origin are spread along the eastern coast of the
Dvina Bay in the area of the outflow current. The less content of silty fraction and
small Md (~5 pm) of the SPM in the near-bottom layer occurred in the areas with
marine Holocene sediments of nepheloid genesis [57].

9 General Properties Indicative of SPM Origin

The SPM is a fine multiphase and complex object for studying; it is represented by a
mixture of biogenic particles (phytoplankton and detritus), single mineral grains,
aggregates, and layered silicates.

9.1 Main Mineral Composition

The share of the clay minerals in the SPM was 40% and even more in the White Sea
[60]. In other words, the crystallic phase of SPM in seawater was represented by
50% clay minerals. Illite kept the dominant position (35-57% of the sum of the clays
in the fraction of <0.01 mm). The high content of illite was a characteristic of the
fine particles (both the pelitic and submicrons fractions of the SPM).

Smectite was represented by relatively high content (8-30%); it is characterized
by higher dispersity and is mostly found in the subcolloidal fraction (<1 pm). This
mineral is supplied with the Severnaya Dvina River runoff and accumulated in the
finest muds at depths of more than 100 m.
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The content of chlorite and kaolinite varied from 15 to 27%. Mixed-layered
minerals usually comprised an insignificant admixture in the SPM (from trace
amounts to 5%).

The similar composition of the clay minerals of the SPM was a characteristic of
other Arctic shelf seas (Kara Sea and Laptev Sea), which are affected by the large
lowland rivers crossing several natural zones [61, 62].

The fine fraction of the clastic minerals is found in every sample, both in the open
sea areas and in the coastal waters, and in a significant amount. Among them, quartz
and feldspar provide basic background (up to 50%), and quartz usually dominates.
The smallest debris of these minerals reached the open sea areas and enriched the
pelitic fraction of muds during the sedimentation process. This evidences the partly
mechanical separation of the SPM in the dynamic system of the White Sea.

9.2 Content of Particulate Si, Al, P, and Organic Carbon
(POC)

The content of total particulate Si in the photic layer of the White Sea varied from 1.8
to 26%. High content of total particulate Si was observed in the areas close to the
river mouths and coasts subjected to river inflow. The content of lithogenic particles
in these areas was high (30-92%), while that of biogenic Si (SiO5,,,) varied from
7 to 21%.

We revealed the regular decrease of Al content with the distance from the coast. It
is mainly associated with feldspars and clay minerals. The content of Al in the
surface water layer varied from 0.3 to 7.9% averaging 1.3%. The mean value was
close to the mean Al content in the SPM of the Baltic Sea (0.5-1%) and much less
than in the Kara Sea (4%) [49]. Al was mainly accumulated in the pelitic fraction of
the SPM as a component of the clay minerals and fine debris of feldspar. Al
accumulated mostly in the pelitic fraction of the SPM (Fig. 12); its content
increased exponentially in accordance with increase of the lithogenic pelitic fraction
(<10 pm) [28].

The Al content in SPM of about 1% or less is a typical value for the White Sea
central part (the Basin) and open areas of the Kandalaksha Bay. Higher Al contents
(till 3.3%) are typical values for the transitional river—marine type of SPM; these
values characterize the rest areas of the sea.

The high content of total particulate Si, as a rule, corresponded to an increased
content of Al. The SPM of the White Sea was characterized by a direct linear
correlation between Si and Al (Fig. 12). The content of lithogenic particles reached
69% in the outflow current (the transformed Severnaya Dvina River waters). We
obtained the maximal content of lithogenic material (87%) in the bottom nepheloid
layer close to the eastern coast of the Dvina Bay.
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Fig. 12 The dependence of Al content in SPM from Si (a) and pelitic fraction (2—-10 pm)
(b) content in the White Sea in summer

The total Si/Al ratio in the SPM of the White Sea was close to that in the upper
continental crust (3.3-3.8) in the regions subjected to the river inflow. This value
was higher in the western part compared to the eastern ones.

The Severnaya Dvina River catchment area is located within the natural zones
where a stage of the chemical denudation predominates over mechanical and acidic
weathering stages. Among other components, Fe®*, Al, and Ti are leached from the
rocks [25]. At these conditions, the bulk of the particulate Si occurred not only as a
component of clay minerals but also in the form of quartz. Because of this, the SPM
and bottom sediments are enriched in Si in the White Sea.

High content of P (0.5-1%) was revealed in the Basin and Kandalaksha Bay.
Nearby the sources of the lithogenic material supply, the P content decreases
noticeably (to 0.1%).

The content of POC was 14% on average, varied usually from 5 to 30%. The
average content of POC in the marine SPM was twofold higher than in the riverine
SPM. The lowest content of POC (10%) was measured in the area of the Severnaya
Dvina River mouth. We identified that POC content decreased logarithmically with
increasing of the lithogenic material. We revealed the negative correlation between
particulate Al and POC content.

So, POC in the White Sea had as a rule mostly autochthonous genesis rather than
allochthonous. Its content depends on the composition and distribution of primary
producers, i.e., phytoplankton. The content of POC in the plankton varied from 27 to
46% (35%, on average) [63]. The maximal content of POC was typical for the
Kandalaksha Bay [21, 63].

In the liquid bottom layer of stratified waters, the separation of the major part of
the biogenic elements (C, N, P, and others) from the solid (mineral) parts of
organisms is accompanied by a growth in the bacteria abundance. It is established
that the high bacterial production in the layer of the pycnocline resulted from the
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formation of microzones enriched in nutrients around the decaying phytoplankton
cells. A subsurface maximum of POC was caused by the accumulation of detritus,
and bacterioplankton was often observed in the White Sea at depths of 10-20 m.

We found a positive correlation between the SPM mass concentration and the
POC content, as well as between SPM concentration by volume and POC content.
Then we studied the relationship between the POC concentration and the different
SPM fractions. It turned out that the best correlation was characteristic for the finest
of the studied pelitic fractions (R2 = 0.8, n = 54). Consequently, the POC concen-
tration in the water column of the White Sea is primarily related to the distribution of
fine particles less than 10-8 pm.

The content of PIC was insignificant and represented mostly by dolomite (to 5%).
Calcite and aragonite were of secondary importance; their content was about 1-2%
or was beyond the detection limits.

9.3 Isotopic Composition of POC

Isotopically light POC [613CP0C to —30.0%0 (PDB)] is transported to the White
Sea from the coast mostly with river runoff. The Severnaya Dvina River water has
a hydrocarbonate composition with the predominance of the sum of ions Ca®*
and Mg>* over the sum of Na* and K*. Isotopically heavy POC [6'*Cpoc = —18. ..
—22%o (PDB)] is a part of the phyto- and bacterioplankton biomass [18, 22, 31, 56].

Values of 8'*Cpoc varied from —25.7 to —27.4%o in the open water area of the
Dvina Bay, and it was lighten to —28.1. .. —29.8%o in the shallow costal area (July
2010). Allochtonous POC prevailed just on the sites close to the coast with sea depth
of 12-26 m [56]. The value of 8'>Cpoc (—23.1. .. =26.7%0) in the photic layer of the
Dvina Bay in August 2014 were close to the data obtained in July 2010 [56]. These
values indicate a mixed composition of POC for the larger part of the sea, which
is evidenced by different proportion of autochthonous (phytoplanktonic) and
allochthonous (lithogenic) material. It seems that the isotopically light POC was
not supplied into the deep parts of the White Sea in July—August 2010 and in 2014. It
should be noticed that isotopically light POC (6"3Cpoc = —28.1... —29.8%0)
prevailed in the White Sea proper just at the end of August 2006 [31].

It was shown that concentration and composition of POC as well as DOC
(including a colored dissolved organic matter) were subjected to the significant
annual and seasonal variations [21, 28, 40, 41].

10 Concluding Remarks and Outlook to Future Researches

The SPM of the White Sea didn’t pass the full mechanical and biological separation
in the water body. The reason for this phenomenon would be the small volume of the
sea (5,375 km?) and the shallow sea depth (medium depth about 67 m) with the
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significant annual volume of dissolved and particulate river runoff (230 km®/year
and 2,330 x 10° ton/year, respectively [25]).

The SPM concentration in the White Sea photic layer was about 1 mg/L (or about
1 mm>/L), on average. The SPM concentration decreased exponentially in the area
of the marginal filter. Only 30-20% of the river particulate matter pass through the
marginal filter and enter the sea. The main factor which controls SPM concentration
and composition in this area is water salinity.

Not surprisingly, the SPM concentration decreased in several times with the
distance from the coast, i.e., outside the marginal filter area that is related to
so-called circum-continental zonality, according to Lisitsyn [1]. The SPM distribu-
tion pattern was controlled by local factors such as the hydrological fronts (struc-
tural, salinity, estuary, etc.), tidal mixing, and wind stress.

We established that the SPM concentrations by volume are a reliable proxy for
biogenic (phytoplanktonic) particles in the photic layer. According to our calcula-
tions, the share of phytoplanktonic particles in total SPM varied in the different
regions of the White Sea from 27% in the inner part of the Dvina Bay (influenced by
a huge river runoff) to 65% in the open part of the Kandalaksha Bay (small river
runoff).

The primary sources of SPM in the sea have been identified. These were
lithogenic particles of river origin and marine phytoplankton (as well as detritus).
Aeolian, ice, and coastal abrasion particles were of a secondary importance. First of
all, this is particulate material supplied from the Severnaya Dvina River watershed.
The rock composition of the Severnaya Dvina River catchment area determines
largely the lithogenic phase composition of the SPM. This is confirmed by smectite
and quartz high content in the pelitic fraction, high particulate Al and Si content, and
so on. This is a result of climatic zonality [1].

The Chl-a concentration (proxy for the phytoplanktonic particles) was pre-
conditioned by the same factor as lithogenic phase, namely, by the riverine dis-
charge, which transports not only solid load (suspended particulate matter) but also
the dissolved nutrients. The huge content of colored dissolved organic matter
(CDOM) in the river water and, as a consequence, high content of CDOM in the
White Sea predetermined the quite narrow photic layer (about 10-15 m and not
exceed 20-25 m in deep area). Most of the organic matter is synthesized by the
phytoplankton during photosynthetic processes in a relatively narrow surface water
layer of 0-10 m so-called particle production zone. The main biogeochemical
transformation of the SPM composition took place within the narrow zone. POC
content in the White Sea has mostly autochthonous (biogenic) genesis.

The SPM is a mixture of river lithogenic particles and marine biogenic particles.
The proper marine SPM was found only in the deep part of the sea far from the
sources of river runoff. The SPM grain-size composition and major constituents in
the White Sea has been formed under influence of two main sources — lithogenic and
biogenic — which are in complicated spatial and temporal interactions.

The spatial and temporal variations in SPM concentration in the photic layer of
the White Sea were caused directly or indirectly by river runoff and, first of all, by
the Severnaya Dvina River. Interannual variations in the SPM concentration based
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on our multi-annual calculations for the White Sea were quite low; hence, they were
statistically insignificant.

The vertical stratification (pycnocline which is confined by the halo- and ther-
mocline) was the main factor that controlled the distribution of SPM in water
column. We revealed three-layer vertical SPM distribution, so-called vertical
zonality [1]: (1) the surface-mixed and photic layer, (2) the clear intermediate
water layer, and (3) bottom nepheloid layer usually registered in the most of the
near-bottom layer of the sea.

The most common grain-size type of the SPM was silty—pelitic polydispersity.
The SPM was predominantly pelitic in June (after spring flood). In the stratified
water column, the content of pelitic fractions changed little. This is so-called basic
particles dispersion background of seawater. These fine particles reached the sea
bottom just in a transformed form, i.e., captured by fecal pellets and aggregates of
“marine snow,” which form the vertical fluxes of dispersed sedimentary matter.
These particles were studied with the help of other methods, and the results were
presented in chapter [64]. Formation of the bottom sediments composition does not
finish when SPM is deposited on the sea floor. The former SPM usually form a thin
fluffy layer (about 0.5—1 cm) — a transition layer between two types of sedimentary
bodies: a dispersed particulate matter (SPM) and consolidated particulate matter
(bottom sediment). Fluffy layer consists mostly of organic and mineral aggregates; it
lies over the relatively dense uppermost sediment layer saturated with water (till
90%) [22]. In this layer, the basic processes of SPM transformation into sediment
occur, which later undergoes early diagenesis processes as well as bioturbation,
resuspension, redeposition, etc.

Recent sedimentation processes in the White Sea are similar to that in the Arctic
shelf seas subjected to a considerable impact of river runoff like the Kara and Laptev
seas. However, the White Sea has some features which make this basin unique
and perspective for further researches under the conditions of changing Arctic
ecosystem.
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Abstract A new approach using dispersed sedimentary matter of the water column
captured by sediment traps in comparison with its consolidated form (surface layer
of the bottom sediments) was applied to study sedimentation in the White Sea. The
results of long-term investigations in a small sea of the Arctic Ocean served as a
basis for revealing new regularities characteristic of the sedimentary process in the
Subarctic and Arctic zones. The monthly, seasonal, and multiyear dynamics of the
main components of dispersed sedimentary matter fluxes were analyzed by defining
the marine sedimentation stage. It was shown that the biogenic constituents of the
particle flux while its transition from the dispersed form to consolidated one
decreased by an order of magnitude. The average values of the vertical flux were
calculated including the total sedimentary flux and the contribution of main biogenic
and lithogenic constituents per m” of the bottom area of the White Sea.
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1 Introduction

Dispersed matter is widespread in the environment. It occurs in all the Earth’s
geospheres: aerosol particles in the atmosphere and suspended particulate matter in
the water column, ice, and snow. It is present in areas of deep-sea hydrothermal
activity (“black smoker” plumes) and occurs as space dust in a small amount. An
important role in the formation of dispersed sedimentary matter belongs to organisms-
producers (diatoms, coccolithophores, etc.), which yield the biogenic suspension, and
organisms-consumers (zooplankton and benthos), which feed on this fine suspension
and small biogenic detritus [1]. The dispersed continental sedimentary matter is due to
its origin from physical and chemical weathering of rocks and, to a significant degree,
to the microorganisms, as well as plants (spores and pollen, plant debris). Many
important peculiarities of the formation and transportation of the dispersed sedimen-
tary matter remain still poorly studied in contrast to its consolidated form (bottom
sediments of oceans, seas, and lakes). The suspended particulate matter (SPM) is one
of the major sources of the bottom sediments’ formation and the basic feeding source
for marine organisms. The insignificant amount and very small size (1-100 pm) are
the principal peculiarities of dispersed sedimentary material from all geospheres.
Similar to bacteria (biogenic part of SPM), the dispersed sedimentary matter is
invisible to the naked eye. Mobility, patterns of regional and global scales of distri-
bution, and close relationship to environmental conditions and interaction and trans-
portation are characteristic for dispersed sedimentary matter [1].

Dispersed sedimentary matter is a major source for pelagic bottom sediments.
Fundamentally new data on sedimentation were obtained for direct determination of
the vertical (and inclined) fluxes of dispersed sedimentary matter by use of sediment
traps, rotators, isotopic methods, etc. [2, 3]. Sediment traps are the most interesting
for sedimentology [4]. These are cones or cylinders with samplers, which capture the
dispersed sedimentary material. The samplers are managed by the microprocessor,
i.e., the trapping exposure may vary from 1 day up to months, seasons, or years.
Typically, we sample the matter at different depths with an exposure of 1 month and
change the stations one time per year.

Thus, we have obtained continuous temporal samples with monthly (differential
fluxes) and annual (integral fluxes) exposures in the White Sea and in the Arctic and
various oceanic zones. The reference stations equipped with traps, current gauges,
transparency meters, and plotters mounted at different depths on a vertical cable with
anchors are named the automatic deep-sea sedimentological observatories (AGOS) [5].

The Arctic Ocean is a basin with a strongly expressed seasonal variation in
sedimentation. Parameters such as the area of marine ice spreading, dissolved and
particulate river runoff, coastal abrasion, primary production, and the temperature of
surface water masses and of the near-water layer of the atmosphere demonstrate a
strongly marked seasonality. Over recent years we have studied in detail the inter-
action between dispersed and dissolved substances at the regional and local scales in
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a typical water reservoir of the Arctic and Subarctic zones, which are in the White
Sea. For most of the year, the sea is covered by drifting ice, and its bottom waters
have a temperature of —1.4°C year-round; i.e., here the environment corresponds
and conforms to the conditions of the ice sedimentation zones [6].

The rates of sedimentation in the bottom sediments of the World Ocean vary
widely from less than 1 to 1,000 mm/year and more. The continental margins of the
Arctic Ocean are characterized by values of ~10 mm/year (in deposition centers of
river and oceanic water mixing zones, the Fram Strait, and some fjords). Zero and
even negative values are typical of zones of bottom erosion (areas of the White,
Barents, Kara, and other seas) at 0.01 mm/year — an average sedimentation rate in the
pelagic zone of the Arctic Ocean of [7, 8].

Thus, the ocean represents the main trap for dispersed sedimentary matter (DSM)
from all the geospheres of the Earth (both outer and inner ones); i.e., it serves as a
global recorder of planetary geospheres (processes and events on continents and in
oceanic water). Interaction between geospheres is particularly intensive at the two
bathymetric levels: the surface layer for the outer geospheres and the bottom layer
for the upper part of the sedimentary cover marked by interaction with sedimentary
matter of the inner (deep) geospheres. In addition to these two types of sedimentary
materials in seas and oceans, these basins themselves produce a biogenic dispersed
matter: ), (CaCOs + SiOsyy + Corg) [6, 9]. Mixing of sedimentary matter from all
these geospheres (its dissolved and suspended forms) results in their transformation
including repeated interaction and mixing during sedimentation. Owing to these
processes, bottom sediments consist of sedimentary matter that was subjected to
transformations on its way from the surface water of the ocean floor [2]. All these
transformations are recorded in suspended particulate matter sampled through the
water column: from the surface of the ocean to its floor and then in the bottom
sediment section.

2 Material and Methods

For the first time for the White Sea, in the framework of the “System of the White
Sea” program of Shirshov Institute of Oceanology, Russian Academy of Sciences
(IO RAS), the sedimentary processes were continually studied both in the bottom
sediments and in the water column. A complex of methods was applied including
ultrafiltration of water and automatic deep-sea sedimentological observatories
(AGOS) with monthly quantitative analysis of the vertical fluxes and constant
sampling of the matter from various depths the whole year-round. This allows us
to measure directly the quantitative content of SPM (mg/1), the rate of sedimentation
(mm/year), and the vertical fluxes (g/mzlyear), i.e., the absolute masses of the
dispersed sedimentary matter in the bottom water layer and the surface bottom
sediments, as well as its changes in the course of surface-to-bottom precipitation;
these data have consistently been obtained over 15 years of observations [10].



52 A. N. Novigatsky et al.

The sedimentological observations were combined with continuous satellite
monitoring for the surface water layer and cruises aimed to perform oceanological
and geological studies of the bottom sediments (sampling by multicorer) at stations
(Fig. 1).

Such works based on the AGOS with continuous study of the dispersed matter in
the water column (0-300 m) in comparison with bottom sediments were carried out
in 2000-2014 in a megapolygon of the White Sea (Fig. 2).

Another independent method of the quantitative estimation of sedimentary matter
in the water column (concentration, mg/l) is membrane ultrafiltration (capture of
particles larger than 0.45 pm). It gives a simultaneous pattern of distribution of SPM
only for the moment of study at the station. Commonly discrete sampling with
bathometers follows continuous vertical sounding of the transparency and other
water parameters, which opens the possibility of sampling not by horizons but in
most important places. Annual satellite data (MODIS-Aqua satellite scanner) are
used for the very upper layer (0-5 m) [11].

Thus, we combine the satellite and expedition observations of the SPM concen-
trations (mg/l), i.e., its continuous pattern of distribution for the surface layer, which
was verified (controlled by direct discrete determinations with membrane filtration)
and was further distributed for most of the year only by satellites both for the
suspended sedimentary matter in general and for its biological part
(by chlorophyll-a).

MODIS-Aqua

satellite scanner Research vessel

‘_-' Snow-ice cover ‘

Photosynthesislayer

AGOS
Buoy

Sedimenttrap:
annual, integral fluxes

Sedimenttrap
with 12 samplers |
are used to study the monthly

Acoustic Doppler
currentprofiler

Acoustic Release
Multicore Anchor

Fig. 1 Scheme of the automatic deep-sea sedimentological observatories (AGOS)
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The sinking dispersed sedimentary matter was largely composed of biogenic and
lithogenic components. The biogenic components were represented by organic
matter (OM), carbonate particles, and biogenic opal. The lithogenic components
included clastic and clay minerals with subordinate quantity of volcanic ash. Indi-
cators of these components for organic matter (OM) are Corg (Corg X 2 = OM), for
siliceous organic remains SiO,,,,, and for carbonate organic remains CaCOj3, while
Al and Siy, are indicators of lithogenic particles [12]. The rates of modern sedimen-
tation in the surface sediments (0-20 cm) of the White Sea were determined using
the radionuclide dating analysis (**’Cs, ?'°Pb) [13].

3 Results and Discussions

In this work, we discuss a new approach to the analysis of current sedimentation in
seas and oceans using AGOS developed at the Institute of Oceanology. This method
offers an opportunity to study dispersed sedimentary matter both in three dimensions
as it is done traditionally in oceanology (latitude, longitude, depth) and in time (from
months and seasons to decades). The method may also be used for analysis of the
sedimentary matter at its transition from the dispersed (suspended particulate matter)
to consolidated (bottom sediments) forms accompanied by drastic changes in
rheology.
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3.1 Seasonal Variation for the Monthly Values of the Fluxes
of Sedimentary Matter and the Average Monthly Values
of Suspended Particulate Matter Concentration

In spring, after the melting of ice and breakup on rivers, the main portions of
sedimentary material begin to enter the Arctic rivers from the catchment areas
[14, 15]. Along with this process in the ice-free water of the Arctic seas due to
high solar activity combined with river-run input of dissolved nutrients and the
melted marine ice that accumulates aerosols and other sedimentary materials
throughout the winter, the spring bloom of phytoplankton [16] and rapid develop-
ment of bacteria occur (the maximal amount of zooplankton is recorded a little later).
As a result, the suspended particulate matter concentration exhibits an abrupt
seasonal jump in the Arctic seas, as well as in the White Sea [11]. This is followed
by a multiplied increase in the values of vertical fluxes of sedimentary matter from
the surface to the sea floor (Fig. 3).

Figure 3 displays the plot of monthly values of the vertical fluxes that we have
obtained since 2000. The sharp maxima of the fluxes are confined to the areas of
estuaries and bays, where the continental runoff exerts a dominant influence on the
delivery of sedimentary material [17, 18]. The sediment fluxes reach their maximal
values in June, exceeding the value of 1,000 mg/m?/day (station 3 is Kandalaksha
Bay and station 75 is Dvina Bay).

The mean summer water level (the middle of July—August) in the White Sea is
characterized by relatively low flux values, which did not exceed 200 mg/m*/day
(stations 75 and 76 are Dvina Bay; station 55 is Kandalaksha Bay; Fig. 3).

In late summer and early fall, the plankton community is restructured again;
mesoplankton, euryphagous organisms, and large zooplankton grow rapidly
[19]. The fall flood flows also contribute substantially to an increase in suspended
particulate matter concentrations, which was directly reflected in the flux values and
composition of sedimentary matter (Fig. 3). The estuarian areas, where the flux
values of sedimentary matter reached 1,000 mg/m?/day, respond to this first of all
(Kem River, Kartesh Biological Station (Kartesh BS) on Fig. 3).

In early fall, the solar activity decreases, and the plankton communities migrate to
greater depths (hibernation) [19]. The river runoff is restructured to the mean winter
water level, and ice formation begins. The suspended particulate matter concentra-
tion is insignificant in the Arctic seas in this period; therefore, the fluxes of sedi-
mentary matter are also very low (Fig. 3).

A relative increase in the fluxes of sedimentary matter could be observed in
December (Fig. 3); it was likely attributed to change in the hydrological regime of
the White Sea and consequently to a destruction of pycnocline. In accordance with
data of M.D. Kravchishina [11], a jump in the density (pycnocline) promotes
accumulation of a great amount of suspended particulate matter. When ice freeze,
the brines are squeezed out and descend down; this phenomenon was manifested by
a relatively high value of flux of sedimentary matter in December, which was
described in detail [20]. Winter under the ice vertical fluxes of sedimentary matter
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were characterized by the lowest values, which did not exceed 70 mg/m?*/day (station
4,930 is the Basin; (Fig. 3). This is related to weakening of solar radiation and its
total termination in the polar night.

Thus, there is a markedly expressed seasonal and even monthly variation in the
fluxes of dispersed sedimentary matter in the White Sea; their quantity, composition,
and properties change in the White Sea. The maximal values of the concentrations
(mg/1) and the fluxes (mg/m*/day) were typical of the ice-free spring-summer period;
the minimal ones, for the winter period when the sea and the feeding catchment were
under a snow-ice cover and the river and aeolian runoff was insignificant. When the
hydrological and meteorological regime changes, the fluxes of dispersed sedimen-
tary matter undergo seasonal changes, which recur annually: an increased content of
fluxes in December, the ice unloading in April, and the bloom outburst of phyto-
plankton and flooded conditions in May.

The monthly, seasonal, and annual fluxes of dispersed sedimentary matter can
differ from each other in many times, especially in spring, when the ice regime of the
sea influences significantly on the flux values: solid mass discharge of snow and ice
sedimentary matter, river runoff, abrasion, and phytoplankton bloom. The vertical
fluxes of sedimentary matter to the sea floor depend directly on the interaction of
matter coming from the outer geospheres.

3.2 Annual Integral Fluxes of the Dispersed Sedimentary
Matter

As a result of our works, the two structural fronts were distinguished in the White
Sea: (1) the northern front, where through the Gorlo water enters from the Barents
Sea and comes off the White Sea, and (2) the southern front near the Solovetsky
Islands [5]. In comparison with other parts of the sea, these zones are characterized
by increased contents of SPM and sedimentary fluxes, high intensity of the tidal
currents, and very high average annual flux values at three stations (6,062, 4,934,
4,941): from 1,814 to 4,082 g/mzlyear and 2,758 g/mzlyear, on average (area 1 on
Fig. 4a).

The other parts of the White Sea (Basin, Dvina Bay, and Kandalaksha Bay) are
characterized by lower tidal energy, low contents, and low fluxes of the dispersed
sedimentary matter. The average value of sedimentary matter fluxes in the sea
(excluding anomalies of two fronts) is 234 g/m*/year; i.e., it is one order of
magnitude lower than that in the frontal zones. The minimum fluxes (51 g/m?/
year) were found in the Basin (area 2 on Fig. 4a, station 4,930 in the central part
of the sea), and the average long-term fluxes for the deep part of the White Sea
amount to 213 g/mz/year, which was similar to values for other Arctic seas [21, 22].

The sedimentary matter fluxes in the Dvina Bay and Kandalaksha Bay of the
White Sea were found to be elevated in areas of their marginal filters (river-seawater
mixing zones) [5, 20]. Thus, the average long-term flux value for Dvina Bay and
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4) [23]

Kandalaksha Bay was equal to 243 and 367 g/m?/year, respectively, for their open
parts. Hence, our data suggest that the marginal filters are the second areas of
increased values of sedimentary matter fluxes (Fig. 4a).

The third place of higher values of the fluxes and SPM content is the near-bottom
areas, up to 100 m above the bottom, locally, more (area 3 on Fig. 4a). The near-
bottom currents studied at some stations over several years were the most significant
there. The semidiurnal tides with local deviations related to the configuration of the
bottom and coasts are the most significant for water dynamics in the White Sea. The
amplitude of the tidal currents increases with a decrease in depth. The velocities of
the currents may be sufficient to erode the upper liquid sedimentary layer, which was
directly confirmed by observations of the suspension concentration and transparency
of waters of the bottom layer. The sounding and data on membrane filtration showed
the appearance of layers and lenses of waters with higher turbidity (nepheloids)
(Fig. 4b) [23].

The direct measurements of the bottom currents in the Basin showed a dominant
eastern vector with reverse variations without rotation. The resulting currents vary
from 2 to 20 cm/s (~1.5 cm/s, on average) [S]. The relation between the flux value
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and the depth is also interesting (Fig. 4a). The high values registered above and on
the pycnocline (area 1) decrease at the shelf (0—200 m) and increase at the slope (area
3 on Fig. 4a).

Thus, for the first time, the vertical sedimentary matter fluxes in the White Sea
were studied by use of AGOS. New data on sedimentation in the water column from
the surface to the bottom sediment layer have been obtained.

3.3 The Rates of Modern Sedimentation and Absolute Masses

Our data on the *'°Pb and '*’Cs isotope method for sediment dating estimated
sedimentation rates for the entire White Sea ranging from 0.4 to 4.2 mm/year,
which correspond to 93—1,260 g/m?/year (310 g/m?/year, on average) (Table 1).
We have made a recalculation of the sedimentation rates to absolute masses of dry
sediment (Table 1). The obtained data on absolute masses of dry sediment are in
agreement with the sedimentation rates in the coastal areas of the Kandalaksha Bay
of the White Sea (0.3-1.0 mm/year) [24], the Beaufort Sea (1.4 mm/year) [25], and

Table 1 Estimated sedimentation rate in the upper layer of sediments (radioactive >'°Pb and '*’Cs
isotope method) [10]

Depth, Sedimentation rate, Absolute masses®, g/m2/

Station N E m mm/year year
4,697 65°17" | 38°55" | 96 0.40 120
4,698 65°25" | 38°40" | 107 0.79 237
4,706 65°05" |36°06’ | 66 0.85 255
4,720 65°57" | 35°53" | 290 2.2 660
32 64°07" | 37°35' 16 2.7 810
78 65°05" | 39°44' | 32 4.2 1,260
66 65°02" | 34°53 | 21 0.82 246
76 65°17" |39°16' | 68 0.91 273
77 65°08" |39°17" | 76 0.31 93
59 66°20" | 35°32/ 81 0.62 186
3 66°20' | 33°40' | 62 0.51 153
4,943 65°50' | 37°30' | 116 0.69 207
44 64°58" |39°31" | 54 2.6 780
46 65°06' |39°17" | 73 1.1 330
4 65°10" | 37°56 88 1.7 510
Geometric mean 1.0 310
Minimum 0.40 93
Maximum 42 1,260
Standard 1.1 332
deviation

At an average density of dry sediment (0-20 cm) 0.3 g/cm®
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the other Arctic seas [7]. The direct quantification of the sedimentary matter fluxes in
the bottom horizons of the White Sea, which have been made using sediment traps of
the AGOS over 15 years, varied between 149 and 1,814 g/m*/year (335 g/m*/year,
on average) (Table 2).

The lower values of the absolute masses of the surface bottom sediments in
comparison with the bottom fluxes (in the same units g/m?/year) were evidently
due to destruction of organic matter (OM) in the fluffy layer. This is confirmed by the
organic matter examination [26] that showed fuel consumption of organic carbon
(Corg) by benthos and bacteria and partial dissolution of other components of the
biogenic triad, such as CaCO5 and SiO, amorphous, during the long residence time
of particles in the uppermost sedimentary layer.

The highest values of sedimentation rates and near-bottom fluxes of dispersed
sedimentary matter were revealed at the river-sea boundary (Severnaya Dvina,
Onega, Kem Rivers), i.e., in the marginal filters of these rivers, as well as along
the gravitational current of the Severnaya Dvina River in Dvina Bay (Fig. 2). High
sedimentation rates were also found in the deep-sea areas of the Kandalaksha Bay
and Dvina Bay and in the areas of the bottom depressions (Kandalaksha graben and

Table 2 Bottom integral (annual) fluxes of dispersed sedimentary matter

Depth, Horizon, Value of the bottom flux, g/rn2/

Station N E m m year
b-16 66°34' | 33°47 | 236 226 357
b-4a 64°57" | 39°31" | 50 30 752
b-8 64°35" | 39°01" | 96 85 330
b-15 65°26' | 37°40" | 132 125 276
b-15 65°26' | 37°40" | 132 127 354
b-6a 66°09’ | 35°03" | 267 250 325
b-6a 66°09" | 35°03' | 267 255 421
6,056 65°34" | 37°45" | 139 130 390
6,062 65°05" | 36°05" | 70 60 1,814
6,070 65°26' | 36°45" | 229 220 639
4,930 65°38 |36°10' |255 238 149
2 (4,930) 65°38" | 36°09" | 249 207 317
3(4,930) 65°38" | 36°07" | 255 185 195
3 (4,930) 65°38" | 36°07" | 255 195 208
3 (4,930) 65°38" | 36°07" | 255 205 282
3 (4,930) 65°38 | 36°07 |255 215 378
4,944 65°00" | 39°22" | 67 52 201
4,938 65°15" | 38°43" | 117 72 219
4,936 65°10° | 37°57" | 97 83 193
Geometric mean 335
Minimum 149
Maximum 1,814
Standard 372
deviation
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others); they are related to the complex slope processes (mud flows, gravity, etc.) on
the sea floor.

Higher values were found at station 6,062 (between Bolshoy Solovetsky and
Anzer Islands): they strongly exceed the sedimentation rates in this area. This region
is subjected to intense hydrodynamic activity (semidiurnal tidal cycles of the White
Sea), which is expressed in the domination of lateral vector of sedimentary matter’s
transport over the usual vertical one. The total resulting annual velocity vector of the
lateral movement of the near-bottom water masses of the White Sea is low enough
(1.5 cm/s, on average) that provides no significant barriers to precipitation under
gravity [5]. In addition, some areas were characterized by fast and ultrafast sedi-
mentation rates, and they are the mouth (station b-4a) and slope (stations 6,070 and
3) areas.

Thus, we applied a new approach to study marine sedimentation using dispersed
sedimentary matter collected in the water column by sediment traps in comparison
with the surface layer of bottom sediments. This approach provides an opportunity to
study in situ (by fluxes of sedimentary matter in the water column) the modern
sedimentation in the surface layers of the bottom sediments and to observe changes
in the environment and climate at a new technological level.

3.4 Dynamics of the Main Components of Fluxes
of Sedimentary Matter

Figure 5 illustrates the monthly and seasonal changes in the basic components of the
dispersed sedimentary matter (DSM) flux in the White Sea. The curve exhibits a
predominance of lithogenic components over the year, which was characteristic of
the inland seas. In addition, the lithogenic constituents of the flux prevailed also
during the winter season, when the sea is covered by ice and snow, that suppress
photosynthesis significantly and, correspondingly, reduce the biogenic components
of the sedimentary flux.

A significant portion of the biogenic components in the vertical sedimentary flux
was represented by planktonic algae, which constitute up to 90% of the total value
[16]. The basic features of the White Sea that negatively affect development of
carbonate organisms are absence of the warm water currents, weak water exchange
with the ocean, a long ice-covered period, a large influx of freshwater, and low
primary production of phytoplankton. The diatom assemblage in the White Sea is
dominated by marine species with siliceous frustules (up to 70%); freshwater forms
of these organisms are in a minor amount and inhabit only in bays influenced by the
river runoff [27]. The maximum concentrations of biogenic components in the
sedimentary flux were registered during the ice-free spring-summer-autumn period
(Fig. 5). However, high values of organic matter concentrations were also recorded
during winter months that could be explained by both the inflow of the Barents Sea
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Fig. 5 Monthly and seasonal changes in the basic components of vertical fluxes (g/m*/year) in the
water column of the White Sea obtained in different areas using sediment traps of the AGOS
system: (a) Dvina Bay (station 4,938, water depth 117 m, sampling depth 72 m), (b) Basin (station
4,930, water depth 255 m, sampling depth 145 m), (¢) Kandalaksha Bay (station b-16, water depth
236 m, sampling depth 226 m). For the AGOS position, see Fig. 1

waters enriched with nutrients and winter migration of zooplankton to the
seabed [19].

Noteworthy are the avalanche sedimentation rates during the spring-summer
season (Fig. 5a, b). This phenomenon is typical of Arctic seas being determined
by combination of sedimentary matter fluxes from several sources: melted snow-ice
cover, intense phytoplankton bloom, and a powerful river flood [20].
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Figure 6 displays the marine stage in sedimentation of the basic dispersed
sedimentary matter components and their variations in time. Sedimentary matter
with sampling time exposure (T.,,) of a month-long (SPM) was obtained during
onboard works, sedimentary matter with a year-long T.,,, was trapped by the AGOS
system, while sedimentary matter with multiyear T, was taken by high-resolution
sampling of bottom sediments with a multicorer sampler [28]. The portion of the
biogenic constituents in the material with the year-long exposure was several times
lower as compared to the month-long exposure. Contribution of biogenic constitu-
ents in material with the multiyear exposure was one order of magnitude less. So, the
more T, was, the less portion of biogenic constituents was. It can be explained by
the exhausted energy for biochemical processes during the transformation from
dispersed forms of sedimentary matter to consolidated ones that was provided by
organic matter of SPM and reduced compounds entered from sediments [26]. In
addition, microbes and bacteria, which are responsible for transformation of organic
matter in marine suspended particulate matter, contribute much to these complex
biochemical processes, particularly at the initial stage of sediment formation [3].

From our data on the long-term AGOS investigations, we have calculated the flux
and average contents of the basic components of the dispersed sedimentary matter in
the White Sea (Table 3). Previously, there were attempts to estimate carbon fluxes
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using the data on primary production [29] and satellite observations [30]. At the
same time, no direct measurements at different levels of the water column over the
entire sea have been conducted up to date.

Thus, it is shown that the biogenic contribution of the vertical flux decreases by
an order of magnitude during the transformation from the dispersed forms to
consolidated ones. The average values of the vertical flux have been calculated
including the total sedimentary matter flux and the contribution of the basic biogenic
and lithogenic components per m* of the bottom and the entire deep area of the
White Sea.

4 Conclusions

For the first time, in situ investigations of sediment deposition processes in the White
Sea, including vertical sedimentary matter fluxes, were studied with the automatic
deep-sea sedimentological observatories (AGOS). New data on sedimentation
through the water column starting from the surface layer to the uppermost bottom
sediments have been obtained. This method provided a new possibilities for ocean-
ology, sedimentology, geochemistry, and biology, namely, continuous observations
in different terms: from days to decades.

There is a markedly expressed seasonal and even monthly variation in the vertical
fluxes of the dispersed sedimentary matter (DSM) in the White Sea: their quantity,
composition, and properties change in the White Sea. The maximal values of the
SPM concentrations (mg/l) and vertical fluxes (mg/m”/day) are typical of the ice-free
spring-summer period, while the minimal ones for the winter period when the sea
and the feeding catchment are capped by a snow-ice cover and the river and aeolian
runoff is insignificant. When the hydrometeorological regime changes, the fluxes of
dispersed sedimentary matter undergo seasonal changes, which recur annually: an
increased content of fluxes in December, the melted ice discharge in April, as well as
phytoplankton bloom and flooded conditions in May.

The monthly seasonal and annual fluxes of DSM can differ from each other by
many times, especially in spring, when the ice regime of the sea exerts a significant
influence on the flux values: the snow-ice cover provides discharge of sedimentary
matter, river runoff, abrasion, and phytoplankton bloom.

The vertical fluxes of sedimentary matter down to the seafloor depend directly on
the interaction of matter coming from the outer geospheres.

Thus, long-term investigations in a small Arctic sea, as the White Sea is, have
revealed new regularities in sediment deposition processes in the Subarctic and
Arctic zones. The monthly, seasonal, and multiyear dynamics of the basic DSM
flux components was analyzed by the distinguishing marine stage in their accumu-
lation and variations through time.

It was shown that the biogenic constituents of the vertical flux decreased by an
order of magnitude during the transformation from the dispersed forms to concen-
trated ones. The average values of the vertical flux were calculated including the total
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sedimentary matter and the contribution of the basic biogenic and lithogenic com-
ponents per m? of the bottom and the entire deep area of the White Sea.

Thus, we applied a new approach in study of marine sedimentation by comparing
the vertical fluxes of dispersed sedimentary matter in the water column with the
surface layer of the bottom sediments. This approach provided an opportunity to
study in situ the modern sedimentation in the surface layers of the bottom sediments
and to reveal changes in the environment and climate.
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Abstract Comprehensive studies of diatoms and palynomorphs from the White Sea
sediments revealed the following features of the composition of their assemblages.
The species composition of the marine plankton diatoms and dinoflagellate cysts in
the sediments reflects the features of the high-latitude position of the sea and the
impact of the Arctic and North Atlantic water masses on hydrological regime of the
White Sea. The spatial distribution of plankton species in the surface sediments (both
diatoms and dinoflagellate cysts) matches the distribution of the main types of water
masses in the White Sea. The characteristic property of the diatom and dinoflagellate
cyst assemblages is the presence, in high concentrations, of relatively warmwater
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species typical for the Atlantic water masses. Diatom algae, aquatic palynomorphs,
and the grain size of surface sediments from bays of the White Sea were investigated
in a program dedicated to the study of marginal filters (MF) in the Northern Dvina,
the Onega, and the Kem’ Rivers.

Three microalgae assemblages are established in surface sediments, which
replace each other successively with the distance from river mouths, and are
characterized by a gradual decrease in a share of freshwater species of diatoms and
Chlorophyceae algae, significantly varying concentrations of marine diatoms and
dinocysts due to changes in water salinity, grain-size composition of sediments,
quantitative distribution of suspended particulate matter (SPM), and water produc-
tivity at different marginal filter’s zones.

Keywords Diatoms, Dinoflagellate cyst, Green algae, Marginal filter
sedimentation, The White Sea

1 Introduction

Diatoms and aquatic palynomorphs are among the most promising micropaleonto-
logical groups in paleoceanological studies Arctic, since they allow to solve a wide
range of issues, such as reconstruction of water masses’ paleocirculation, including
the intensity of advection of the Atlantic and Pacific waters; changes in river flow to
the Arctic shelf seas; the distribution limits and duration of the seasonal sea-ice
cover, the origin of the ice and the ways of their drift; changes in paleotemperatures,
paleosalinity, and paleoproductivity of water; etc. [1-13]. In addition, marine dia-
toms and organic-walled cysts of marine dinoflagellates are widely used in biostra-
tigraphy and interregional correlations of sediments and paleo-events since the
formation of the Arctic Ocean and throughout its development in the Cretaceous
and Cenozoic.

Studies of diatoms in the sediments of the White Sea for the purposes of
paleoceanological and paleogeographic reconstructions begun in the first half of
the last century [14]. Systematic studies of diatoms from the bottom sediments of the
White Sea, carried out by Dzhinoridze in the 1980s on the basis of changes in the
species composition of diatom associations [15—17], revealed the main regularities
in the formation of diatom associations in surface sediments, as well as the evolution
of paleogeographic environments in the Holocene in various regions of the sea.

Particular attention in subsequent studies of diatom association from the surface
sediments of the White Sea was paid to the distinct regularities in the formation of
diatom associations in the bays of the White Sea. Dependence of their species
composition and abundance in sediments on hydrochemical, hydrobiological, and
sedimentation environments of marginal filter of the largest rivers in the White Sea
basin were also under consideration [18-20].
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Over the past decades, the White Sea has become a unique object for detailed
studies of aquatic palynomorphs, primarily dinoflagellate cysts, in sediments.
We have improved this new micropaleontological method due to complex
multidisciplinary studies conducted in the White Sea [19, 21-23].

2 Materials and Methods

The 61 surface sediment samples used in this study were taken during expeditions of
the RV “Professor Shtokman,” “Ekolog,” and “Ivan Petrov” in 2001-2006 by
scientists from the Laboratory of Physical Geology Researches of the Shirshov
Institute of Oceanology RAS. We also used published data of diatom analyses,
which was carried out by Dzhinoridze and Polyakova [15-17, 19]. The surface
samples cover the central deep-sea Basin, the Kandalaksha, the Onega and the Dvina
Bays, the Kemskaya Guba Bay, and the Voronka Strait from the water depth of
10-250 m (Fig. 1).

Samples from the uppermost bottom layer (1-2 cm of each box cores) were put
into plastic boxes and stored cool (<5°C) until further processing. Initially, sediment
samples were freeze-dried. For diatom analysis approximately 2-3 g of each dried
samples was treated with H,O, (30%). Diatom valves were concentrated by decan-
tation using distilled water. Slide preparation was carried out following Battarbee
[24]. The residues were mounted on glass slides with the Naphrax mountant, which
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Fig. 1 Location of studied samples from the White Sea surface sediments: (1) modern study
(diatoms and aquatic palynomorphs); (2) samples studied by Dzhinoridze (diatoms) [15]
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has a refraction index of 1.73. The diatom valves were examined under an Axioskop
40 (Zeiss) optical microscope at 1,000x magnification. Generally, about 300-400
specimens were counted in each sample. The results were then calculated to census
data and number of valves per gram of dry sediment (concentrations) and pro-
portions of main ecological groups (marine, sea-ice, and freshwater species).

Samples for analysis of aquatic palynomorphs were treated as normal palynolog-
ical technique. Lycopodium clavatum spores were added in order to calculate the
absolute concentrations (cyst/g dry sediment) [25]. Sediment samples were treated
with cold 10% HCI for 5 min in order to remove carbonates and then rinsing with
distilled water. Additions of cold 48% HF for up to 5 days removed the siliceous
particles. The residue was rinsed twice with distilled water and sonicated for between
0.2 and 0.8 min. The samples were sieved through 15 pm mesh sieves to eliminate
fine material. The final fraction was collected on 15 pm mesh sieves and transferred
to plastic tubes. Samples were centrifuged after each step of the described technique.
No oxidation was applied in order to prevent loss of the more fragile Protoperidinoid
cysts [26-28]. To estimate river runoff, the CD criteria [10, 11], which represents a
ratio between freshwater Chlorophyceae algae and cysts of marine dinoflagellates in
assemblages of aquatic palynomorphs, was used in addition to concentrations of
freshwater species in diatom assemblages [7, 29]. The AH criteria (the ratio of cysts
of autotrophic and heterotrophic species in assemblages of aquatic palynomorphs),
which is used in the arctic seas as an indicator of the influx of North Atlantic water
[11, 30], was also applied. The data on microalgae correlated with the mean
interannual surface water summer salinity and temperature [31] (http://www.nodc.
noaa.gov/OC5/woal3/), water depths of the basin, and the distance from river
mouths. In constructing sections based on different parameters of microalgae assem-
blages, some data obtained at similar distances from river mouths were omitted from
consideration. The grain size of bottom sediments was determined at the Analytical
Laboratory of IO RAS in accordance with the standard method [32] (analysts
A.N. Rudakova and T.N. Alexeeva). The total organic carbon (TOC) concentrations
were measured by V.P. Shevchenko at the Alfred Wegener Institute for Polar and
Marine Research (Bremerhaven, Germany). Organic carbon (C,,) was determined
by coulometric titration of carbon dioxide released during high-temperature com-
bustion (¢ = 800°C) of samples, which were preliminarily deprived of inorganic
carbon of carbonates using 3 M HCI, in an oxygen flow. The organic carbon content
was measured by an LECO CS 125 device [33].

3 Modern Sea-Ice and Hydrological Conditions

The White Sea is almost entirely located southward off the polar circle. It belongs to
the basin of the Arctic Ocean and is the most isolated sea from it. It is connected with
the Barents Sea via the shallow-water (<50 m water depth) Gorlo Strait. This small
marginal arctic sea basin is approximately of 91,000 km?, and it is characterized by
significant water depth drops [16, 34]. The average seawater depth equals about
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67 m; the maximal depths are recorded in the central depression named the Basin
(down to 350 m water depth). With respect to the structure and geomorphology, the
following major structural elements are distinguished, the Voronka, the Gorlo, and
the Basin, and four major bays, the Onega, the Dvina, the Mezen’, and the
Kandalaksha Bays. They differ in the regimes of the freshwater supply, influence
of tides, salinity gradients, sea-ice conditions, and biota [35-38].

Presently, within the framework of modern concepts, the White Sea is regarded to
represent as “estuarine” system. The upper level of the hierarchy is the entire sea,
within which two water masses occur (the White Sea water mass with salinity of
25-30 psu and the Barents Sea mass with salinity of 34—35 psu). When changing the
scale of the consideration, the sea becomes a system of four-bay estuaries rather than
a single estuary [39-41].

The present-day hydrological conditions of the White Sea are mostly formed
under the influence of the fresh riverine runoff and the water exchange with the
Barents Sea. To a significant extent, the abundant riverine runoff (~225 km®/year)
defines the regularities and particular features of the biogeochemical processes
within its area. The particularity of the continental runoff lies, first of all, in the
fact that all the largest rivers fall into the Dvina, the Onega, and the Mezen’ Bays,
i.e., isolated sea areas, that cause the strongly irregular distribution of the surface
seawaters’ salinity (Fig. 1). Herewith, the maximal runoff values, as well as those of
the supply of suspended matter and nutrients, are observed in the spring flood period
in May [42].

The suspended matter is one of the principal forms of the sedimentary matter
transfer [35-37], and its elevated or reduced content in the water directly influences
the ecological balance in the aquatic area. Phytoplankton, being an important
constituent of the suspended matter, is part of a long food chain, and its mineral
particles (at their high contents) attenuate the solar flux to the deeper layers and
retard the development of living organisms [35, 43].

The water exchange with the Barents Sea is implemented via a narrow shallow-
water strait — the Gorlo of the White Sea (Fig. 1). The permanent gravitational
current of the freshened surface waters to the Barents Sea (with a discharge of
~2,200 km®/year) runs along the Zimnii Coast of the White Sea. A reverse flow of
heavy normally saline oceanic waters (~2,000 km*/year) is directed from the Barents
Sea via the Gorlo; this way, approximately two-thirds of the deep White Sea water is
annually renewed [34, 44].

The most important features of the White Sea hydrological regime are tides,
which reach their maximal heights (up to 10 m) in the Mezen’ Bay. The intensive
tidal movements provide strong vertical mixing of the waters; therefore, in the
regions with relatively small sea depths (e.g., the Gorlo, the Onega, and Mezen’
Bays), there is virtually no vertical stratification [34, 41].

The surface summer water temperatures in the White Sea range from +7 to
+15°C, and in the winter the temperatures fall down to —1.6°C in the north and to
—1.7°C in the south. The river waters, which freshened mainly the southeastern part
of the sea, provide additional favorable conditions for the formation of sea-ice cover.
Since November to May, the sea is covered with seasonal sea ice; in the bights near
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river mouths, fast ice is formed. Due to this reason, the White Sea is characterized by
more severe sea-ice conditions that are characteristics of the corresponding latitudes
that affect the dynamics of the biological productivity of phytocenoses [45-47]. In
addition to the local impacts, due to the exchange currents between the Barents and
the White Seas, the sea ice formed in the inner basin is supplied to the Arctic Ocean,
where it participates in the global thermohaline circulation [48].

Ice formation starts in the White Sea in apices of bays at the beginning of
November. In the winter time, the entire sea is covered with ice of different types
during 1-3 months. The strong winds of different intensity and duration, prevailing
in the White Sea basin, ensure sea-ice removal through the Gorlo Strait to the
Barents Sea. The White Sea becomes free from ice completely during April and
May; herewith, ice removal through the strait prevails (50-80% of seasonal sea-ice
cover) over its melting in this sea [40] that governs the species composition and
productivity of sea-ice communities and spring phytoplankton.

The spatial inhomogeneity in the halocline parameters is determined by the
horizontal advection, the contacts between water masses of different origins, the
riverine runoff distribution, and the intensity of the biochemical processes [47, 49,
50]. The horizontal circulation is the principal mechanism of the redistribution of
elements over the sea area. The mean annual productivity of phytoplankton of the
White Sea varies from 13 to 95 g C/m? and features two seasonal peaks related to the
spring and summer [47, 50-54]. In so doing, the peak of the dinoflagellate devel-
opment follows the summer time peak of the development of diatoms.

4 Diatoms and Aquatic Palynomorphs in the Surface
Sediments

4.1 Modern Sea-Ice and Phytoplankton Communities

During the more than hundred-year investigations of the White Sea, the extensive
data relating phytoplankton, benthic, and sea-ice microalgae communities were
collected. The pioneering set of information about the species composition and
seasonal development of the White Sea phytoplankton including diatoms
and dinoflagellates as the dominant groups was summarized by L.A. Kiselev
[55, 56]. These data are based on his own materials composed of his studies and
analysis of data published by that time [57-59 and others]. In the 1980s, on the basis
of new achievements in the fields of taxonomy and electronic microscopy,
researchers revised the taxonomic composition of the White Sea plankton flora.
Likewise, the list of species — above all, diatoms and dinoflagellates — was revised
from the standpoint of their environmental and phytogeographical characteristics
[60]. These data showed that the White Sea flora is an impoverished population of
the Barents Sea algae flora [61, 62]. The decreased salinity of the White Sea waters
prevents the development of selected stenohaline species typical of the Barents Sea.
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In addition, a number of cold-water arctic-boreal species characteristic for the arctic
seas are absent.

Stationary observations of spring phytoplankton development and biocoenosis
inhabiting the sea ice, in selected coastal areas of the sea, have allowed to discover
the seasonal dynamics of phytoplankton and, in addition, a group of specific sea-ice
species [45, 46, 63, 64]. In the frame of the scientific program “The White Sea
System” (2001-2018 years), the satellite measurements of chlorophyll “a” were one
of the major methods of receiving persistent annual data according to distribution of

suspended matter and phytoplankton productivity [37, 65, 66].

Diatoms Diatoms are the most taxonomically diverse group of microalgae in
the White Sea phytoplankton [50, 52, 60] that is typical for the arctic seas
[55, 67]. According to the latest assessment [52], 262 species of marine and
brackishwater-marine diatoms were recorded in the White Sea plankton. However,
the authors included in this list along with true planktonic and sea-ice species, the
so-called accidentally planktonic species, namely, epibenthic and epiphytic species,
the latest inhabited submerged plants, stones, etc. These diatoms enter the water
column due to intensive tidal and wave currents. Among true planktonic diatom
species, the following genera are the most taxonomically diverse: Chaetoceros
(46 taxa), Thalassiosira (18 taxa), and Coscinodiscus (12 taxa) [50, 60].

More than 30 identified taxa from the White Sea are the sea-ice-associated
species, which develop under the influence of ice melt waters [50, 68—70]. The
part of the life cycle of these species related to the sea ice, and they continue their
development in the adjacent sea surface waters, determining the short-term
(2 weeks) spring phytoplankton bloom in arctic seas [71-77], including the White
Sea [60, 68, 78-81]. The mean annual contribution of sea-ice assemblages to the
primary production in the arctic seas puts together 20-25% [82, 83]. In the central
regions of the White Sea, outside the bays, sea-ice algae, primarily diatoms (up to
99%), produce more than 95% of total biomass [68].

In accordance with phytogeographical characteristics of the diatom species
[15, 60, 84, 85], the planktonic flora of the White Sea is affiliated with the arctic-
boreal region, and it is characterized by the prominence of the cold-water arctic-
boreal and bipolar species in the composition of the diatom flora (more than 50%). A
distinctive feature of the species composition of phytoplankton in this region is the
high diversity of the arctic-boreal-tropical species and cosmopolitans (>40%), as
well as the considerable participation of relatively warmwater species, which distri-
bution in the Arctic Ocean is limited by the Atlantic and the Bering Sea water
masses [5].

The epibenthic and epiphytic diatom flora of the White Sea is exceedingly
diverse, and their total number is more than 750 taxa [86] that is caused by the
diversity of environmental conditions within the wide littoral and sublittoral zones in
the bays, high seasonal and daily variations of water salinity, temperatures and
bioproductivity, and diversity of biotopes.
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Dinoflagellates Dinoflagellates along with diatoms represent the leading group of
phytoplankton (139 taxa) and the principal biological producers of the White Sea
[45, 46, 50, 52, 56, 60, 87]. According to the type of metabolism, these dinoflagel-
lates are represented by photoautotrophic, mixotrophic, and heterotrophic species as
well as in the other arctic seas. Group of heterotrophic species is dominated by
Protoperidinium genus (28 taxa).

A revision of the taxonomic composition of the White Sea dinoflagellates [11, 45,
46, 50, 60, 88] showed that, with respect to the species number, the phytoplankton of
the White Sea is rich as that of the Barents Sea. Meanwhile, the reduced salinity of
the White Sea waters hampers the development of selected stenohaline species
typical of the Barents Sea, while the high seasonal temperature gradients result in
the absence of a series of cold-water arctic-boreal species. The flora of the White Sea
contains no less than 50% of the Barents Sea species [62]. According to the
phytogeographical characteristics of the species, the planktonic flora of the White
Sea belongs to the arctic-boreal domain; meanwhile, the proportion of arctic-boreal
species (15%) in the dinoflagellate composition is lower compared to diatoms. The
group of dinoflagellates, in contrast to the other phytoplankton components, features
the highest proportion of boreal species (13%). Along with this, the intensive water
exchange with the Barents Sea provides a high species diversity of the arctic-boreal-
tropical (14% in the composition of Dinophyta algae) and cosmopolitan (up to 28%)
species, several of which are never or rarely encountered in the Siberian seas of
Eurasia [5, 11, 20, 89].

As distinct from diatoms, dinoflagellates have never been abundant in the sea ice,
notwithstanding their frequent occurrence in ice of the arctic seas that is caused by
cells icebound during the sea-ice formation [72, 73, 90]. Ice-associated dinoflagel-
lates from the early spring phytoplankton of the White Sea are represented by scanty
photoautotrophic, mixotrophic, and heterotrophic species from Gymnodinium,
Gyrodinium, Amphidinium, and Protoperidinium genera, which develop close to
the melting sea ice. However, until now only one species Polarella glacialis is
regarded as true cyst-forming sea-ice dinoflagellate [91-94].

Cells of the living forms of dinoflagellates are subjected to rapid damage and are
not preserved in marine bottom sediments. Meanwhile, only one-fifth of species
form cysts that can be conserved in the sediments [11, 95]. These organic-walled
dinoflagellate cysts are one of the major objects of our study in the White Sea.

In the White Sea, two maxima of phytoplankton biomass were observed during
the vegetation period — spring and summer [50, 52]. The spring peak (April to May)
is formed by the sea-ice diatoms and the cold-water ice-associated planktonic species
as well as in the other arctic seas. In the summer (July) phytoplankton is character-
ized by the maximal taxonomical diversity of the planktonic centric diatoms
(Chaetoceros, Thalassiosira, Coscinodiscus, Skeletonema, Leptocylindrus genera).
The increase in abundances of dinoflagellates usually starts in July, and in August
dinoflagellates predominate in the phytoplankton; however, the total biomass is less
than in April to May or in July.
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Up to the present, the obtained data give evidence that after the spring bloom,
when the photic layer of the White Sea is impoverished of nutrients, in June to July,
the maximal intensity of productive processes takes place at the frontal zone and
dynamically active sea areas, where the vertical cyclonic motion governs upwelling
[41, 47].

The maximal value of primary production coincides with the frontal zone of the
Dvina Bay [2.2-2.7 g C/(m? day)], which separates the marine and brackishwater-
marine waters of this bay. The Kandalaksha Bay is characterized by the high water
transparency and thickness of the photic layer (12—14 m), where primary production
is relatively high [1.2-1.4 g C/(m” day)]. The lowest value of primary production
was recorded in the Onega Bay [0.6-0.8 g C/(m” day)] that was caused by the
low-water transparency. This is due to abundant discharge of humic matter and
intensive tidal movement. In the central part of the White Sea, the Basin, the water
productivity is similar to that in the Dvina Bay.

4.2 Species and Quantitative Compositions of Microalgae
Assemblages in the Surface Sediments

4.2.1 Diatom Assemblages in the Surface Sediments

In the studied surface sediments of the White Sea, more than 300 species and
varieties of diatoms have been identified [15, 17]. Of them, 150 species are typical
marine and brackishwater-marine species, with a taxonomically diverse group (>60
species) of euryhaline polyhalobous and mesohalobous diatoms according to the
classification by Simonsen (1962) [96] and Pankow (1990) [97]. Among marine
diatoms, the so-called “sea-ice” species are widely represented (>20 taxa). Part of
their life cycle is associated with the sea ice [72, 73, 76, 77]. These species, after
being washed away from ice floes, continue to grow in the surface layer of the sea
waters, between the melting blocks of ice and in polynyas. This is primarily
responsible for the “spring maximum” in the phytoplankton development of the
arctic seas; the White Sea is among them [56, 60]. In the surface bottom sediments,
among the ‘“sea-ice” diatoms, the most abundant species are Fossula arctica,
Fragilariopsis oceanica, F. cylindrus, Nitzschia frigida, Navicula vanhoeffenii,
Melosira arctica, Psedogomorphonema arcticum, P. groenlandicum, Attheya
septentrionalis, and Pauliella taeniata. The total abundances of the “sea-ice” dia-
toms reach 4 x 10° valves/g, while their percentage in the diatom assemblages get
together >40%, remaining persistently high in the areas of distribution of the
seasonal sea ice. In the group of marine and brackishwater-marine diatoms, the
planktonic neritic and panthalassic species (approximately 50 taxons) are the taxo-
nomically diverse. These are the most characteristic species of the neritic and
oceanic plankton in the arctic and subarctic waters. In their composition, the
dominant species are those of the Thalassiosira, Chaetoceros (spores), and
Coscinodiscus genera. Concentrations of the planktonic diatoms reach the highest
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values (>10° valves/g) in the Basin and in the Kandalaksha Bay, where their total
abundances comprise 70-90% of diatoms in assemblages (Fig. 2a, b).

Meroplanktonic species (16 taxa), associated in their development with the
sublittoral macroflora, are the most abundant in the sediments of the offshore areas
of the White Sea. In the diatom assemblages from the surface sediments, the
widespread euryhaline epiphytic species Paralia sulcata is predominant. The abun-
dance of its valves may reach 7 x 10° valves/g in the shallow-water Onega Bay.
Moreover, the high abundances of this species were observed in the central deep-
water area of the sea; this may be related to the structure of the coarse-armored
valves of Paralia sulcata and to the possibility of their transportation across long
distances.

Species such as Hyalodiscus obsoletus, H. scoticus, Odontella aurita, Melosira
moniliformis, and M. nummuloides are the subdominant species of the
meroplanktonic sublittoral flora, and they are the typical inhabitants of the offshore
freshened waters of the arctic and subarctic seas [5]. An analysis of the phytogeo-
graphical properties of the planktonic diatom species recorded in the surface sedi-
ments of the White Sea shows that the diatom assemblages reflect the features of the
composition of present-day phytoplankton, as well as the distribution of the main
types of water masses. In the species composition of the planktonic flora, the cold-
water arctic-boreal and bipolar species predominate (approximately 60% of taxo-
nomic diversity). Among them, the species of the Thalassiosira genus (T. gravida,
T. antarctica, and T. nordenskioeldii) and Chaetoceros genus (C. diadema, C.
furcellatus, C. mitra) are the most abundant. However, it should be noted that only
part of Chaetoceros species forms the silicified spores, which were preserved in the
sediments. In the White Sea identification of Chaetoceros spores on the species level
was able only for 7 of the 33 species recorded in the phytoplankton, taken into
consideration that part of them do not form spores.

More than 30% of the species found in the sediments are cosmopolitans and
arctic-boreal-tropical species, notably species having the wide adaptive flexibility. In
the composition of this group, Thalassionema nitzschioides, Coscinodiscus radiatus,
C. asteromphalus, Thalassiosira oestrupii, and Proboscia alata are abundant in the
sediments. It should be noted that each of these species, with the exception of
Thalassionema nitzschioides, are considered as indicators of the advection of the
North Atlantic and the Bering Sea waters into the arctic seas [5]. Their high
abundances in the sediments are recorded only in the southwestern areas of the
Barents Sea [15]. The presence in the sediments of a few boreal-tropical diatoms,
such as Hemidiscus cuneiformis, Psammodiction panduriforme, Rhizosolenia
styliformis, and others (6% of the taxonomic diversity), which were transported to
the White Sea along with the system of currents from the main oceanic circulations
of the North Atlantic, is a distinctive property of the White Sea’s diatom
assemblages.

Due to the shallow-water character of the majority of the White Sea water area,
taxonomic diversity of the benthic and epiphytic marine and brackishwater-marine
diatoms is high (more than 100 taxa) in diatom assemblages from the surface
sediments of sea. Their total abundances in the Onega and the Dvina Bays are
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Fig. 2 Distribution of (a) total concentrations of diatoms the surface sediments of the White Sea
(in 10° valves/g dry sediment): (1) diatoms are absent; (2) 0.1-1.0; (3) 1-5; (4) 5-10; (5) 10-15;
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species of diatoms (in %) in diatom assemblages from the surface sediments of the White Sea.
The main types of the diatom assemblages: (1) Zone I (neritic); (2) Zone II (sublittoral-neritic);
(3) Zone III (sublittoral)



78 Y. L. Polyakova and Y. A. Novichkova

more than 70% (Fig. 2). The characteristic features of the White Sea benthic and
epiphytic diatom flora are the prevalence of cosmopolitans (50%) and species with a
wide geographical distribution along with the high abundances of the relatively
warmwater species (Auliscus coelatus, Diploneis bombus, Isthmia nervosa, and
others), which do not live in the arctic seas.

With respect to the composition of diatom assemblages, the bottom sediments of
the White Sea are divided into three zones (Fig. 2b) [15, 17], namely, (1) Zone I,
which is characterized by the prevalence of the neritic and panthalassic plankton
species, as well as the sea-ice species (70-90%), and occupies the deepwater part of
the sea; (2) Zone II, which represents a sublittoral, neritic zone, where sublittoral and
neritic species are almost equal in proportion; and (3) the sublittoral Zone III, where
sublittoral species prevail (70-75%).

An analysis of the species composition of the diatom assemblages from the White
Sea surface sediments indicates the significant regional peculiarities related to the
features of the sea-ice, hydrological, and geomorphological conditions of selected
areas.

The Onega Bay is the most shallow-water bay; in the summertime, its waters are
warmed to the greatest extent, practically down to the bottom. The high degree of
hydrodynamic activity and water mixing create a homothermal and homohaline
regime. Diatom assemblages from the surface sediments of this bay are dominated
by the widespread euryhaline meroplanktonic species Paralia sulcata, along with
taxonomically diverse sublittoral benthic and epiphytic Rhabdonema arcuatum,
Navicula distans, Delphineis surirella, Isthmia nervosa, and others. The total abun-
dances of true plankton species do not exceed 20%. They are represented by the
cosmopolitan, relatively warmwater species such as Coscinodiscus radiatus,
C. asteromphalus, Actinoptychus senarius, Thalassionema nitzschioides, and
T. latimarginata and by the cold-water species Thalassiosira gravida, T. antarctica,
and T. nordenskioeldii.

The Dvina Bay located in the eastern part of the White Sea is characterized by the
high salinity gradients of its surface waters in the summer that is caused by the large
runoff from the Northern Dvina River. The permanent surface current, going along
the eastern coast of the bay, is directed toward the Gorlo Strait. In the Dvina Bay, the
so-called hydrological cold pole is located, which is related to the upwelling of the
deep waters, and governs the negative temperatures observed at the water depths of
about 12 m [16, 41].

Diatom assemblages from the surface sediments of this “hydrological cold zone”
are characterized by the highest abundances of cold-water marine planktonic and
sea-ice diatoms in the White Sea (Melosira arctica, Thalassiosira hyaline,
T. antarctica, T gravida, T. baltica, Chaetoceros mitra, C. diadema, Coscinodiscus
oculus-iridis, Detonula confervaceae, Nitzschia frigida, and others). The total abun-
dances of relatively warmwater species for the arctic seas, such as Thalassiosira
latimarginata, T. angulata, Coscinodiscus radiatus, Proboscia alata, and others, do
not exceed 5-10%. The total abundances of diatoms in the surface sediments vary
from 1 to 15 x 10° valves/g.
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The Kandalaksha Bay is the most deepwater bay in the White Sea, and it is
characterized by the relatively quiet hydrodynamic regime, with steady water stratifi-
cation during the summer period. The high phytoplankton productivity (see above) is
reflected in the high abundances of marine diatoms in the sediments (up to
20-25 x 10° valves/g) in this bay. The diatom assemblages are dominated by the
marine planktonic arctic-boreal and bipolar species Thalassiosira gravida,
T. antarctica, and the species typical for the North Atlantic current 7. latimarginata.
The total relative abundances of marine benthic diatoms are less than 20%.

The White Sea Basin occupies the central area of the sea with water depths of
100-300 m. This deep part is filled up with the transformed Barents Sea waters.
This is reflected in species composition of diatom assemblages from the surface
sediments. The following species, which are indicators of Atlantic waters in the
Arctic Ocean, are the most abundant: Thalassiosira latimarginata (30%),
Coscinodiscus radiatus (15%), and C. asteromphalus (10%). The surface sedi-
ments of the Basin are characterized by the persistently high concentrations of
diatoms (5-15 x 10° valves/g), with the maximum content of the true plankton
species of diatoms.

In the surface sediments off the Terskii Coast, along which the current runs from
the Barents Sea, the total abundances of diatoms vary from 5 to 10 x 10° valves/g.
The characteristic feature of diatom assemblages from this region is the maximum
concentrations of sea-ice diatoms (Fossula arctica, Fragilariopsis oceanica,
F. cylindrus, Nitzschia frigida, and others), reflecting the presence of seasonal
sea ice.

4.2.2 Dinoflagellate Cysts in the Surface Sediments

The studied surface sediments of the White Sea are characterized by a relatively high
diversity of the grain-size composition: from fine-grained sands to silty clays. The
sizes of dinoflagellate cysts range from 32 to 100 pm, which corresponds to the
coarse-grained silty fraction of the White Sea sediments. The maximal dinocyst
concentrations (up to 22 x 10% cyst/g dry sediment) were recorded in the silty
fractions of the surface sediments (Fig. 3a).

The minimal concentrations (<100 cyst/g) were recorded in the fine-grained
sands, which are usually perfectly washed. In the sands with various admixtures of
silty and clayey matter, the concentrations of dinoflagellate cysts amounted from a
few tens to 9.5 x 107 cyst/g of dry sediment. From this fact, it is possible to conclude
that the increased dinocyst concentrations in the Central Basin and their reduced
values in bays may be related to the grain-size composition of the White Sea
sediments. Another factor that restricts the dinocyst contents in the sediments is
the salinity of the surface seawater. Dinoflagellate cysts, as derivatives of marine
phytoplankton, were recorded in the samples from the White Sea within the salinity
interval from 15 to 25 psu.

Sixteen dinocyst species were identified in the surface sediments of the White Sea
(Table 1, Appendices 1 and 2); this comprises approximately one-eighth of the
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Fig. 3 The concentrations: (a) the marine dinoflagellate cysts, (b) freshwater green algae in the
White Sea surface sediments

dinoflagellate species ever recorded in the plankton of this sea (see above). The
dominant Operculodinium centrocarpum (Fig. 3) is a widespread cosmopolitan
species that is confirmed by the ecology of living form of this dinocyst (biological
taxon Protoceratium reticulatum). This species is a neritic dinoflagellate, which is



81

Diatoms and Aquatic Palynomorphs in the White Sea Sediments as. ..

DONNIAId
X -ZNNY nsuss “ds soyryjod o 156D
NASSHIHLLVIA %

X X ANV TIVH ‘AVHH 240220 Jwniuipun]s| qeaoeuipuadolord Ajqeqoid ‘umouun
NASSHIHLLVIA %

X X ANV TIVH ‘QVdH wmnnuiu wniuipu]sy qeooerurpuadoloid A[qeqoid ‘umousun
NASSHIHLLVIN % ANV TIVH

X X ‘AVHAH 2SUan.py wnuipiuiyosy seaoeruipuedoloig A[qeqoid ‘umouuny
V3ONSLVIN

X X X (@IOIAv 4 q) vruvnb siydwadousiog HOATVE (NVYD) wnomuod wnuipiiadojo.d
SINVITIIM % NILNAT

X X X X2 (TIVM) Xopdutts wniuipajunsiig HOATVE (NASTINVd) $2p1001u0s wniuipiiadojoid
SINVITIIM % NLLNHA'T

X X (TIV M) 2SU200DLIDI WNUIPpUDSLLG HOATVE (JAINNFIN) whnuvjjaap wmuipiiadoiold

9961 HTIVA % TIVM I'THOSLNE (NNVINHOVT

X X X NSUdS wWNdin20.4Juad WnUIPon2L2dQ) 2 AATAVIV'TD) Wniv[noyaL wnypLa2030.1g

II HOI'T940T % OLVOI'THANI I

X X 121vp winnupos.wydviuad Jo 15L3 | HOITIAOT % OLVIITAAI 12]pp wmuipos.oydviuad

X X Sving wnpiypd wnnaprSvdug “ds xppnpduon Ajqeqoid ‘umouyupny
a9y (@ T44N9.LSO)

X X snyunidqoy sisdoiavysopuiaN xordwoo v.afiunds xvnpduon) Aiqeqoid ‘umouun)

TIHINVIN DONISHIA (NNVINHOV'T

X X (DYIINTIHH) snsown. sajafiudsg ® AAFIVAVID) p4afids 3o xopnviuon

SIMET PU® ‘NOHDOY ‘DYArONvdA

X X Aray samwsuoja sanaofiuids ‘AAVVOATTE (A1) 2#05u0ja Xvjnviuon

X X X NOSTIM 2suapyida; wmuipoipioang d1040 (LAHDNOJ) 21p#81p xpjnniuon

X X “ds soyuoyrurdg AIOHOY] S1suaysvip xpinvduon,,
X X “dds wnnnpajun8ug

oiydonorsiey | owydonony | SsjuowIpas | uopPue[d uoxe) paseq-1s£) uoxe) [edrsojorg

(z pue | soorpuaddy 99s) SJUSWIIPAS 0BJINS BIG YA\ U} Ul PAYNUIPI Sem YIIYM ‘[66 ‘][] 01 SuIp1oode ueas
J1OIY AU} WOIJ SJUSWIPIS JUIIAI Ul S)sAD dJe[[dFeoulp pue uead() o1y Ay jo uopjuerd ayy ur saje[joSeyourp SUNLIOJ-1SAD umouy AJUSLIND JO IS | J[qe]



82 Y. L. Polyakova and Y. A. Novichkova

widespread in the boreal zone of the World Ocean [9, 88]. The other dominant
dinocyst Pentapharsodinium dalei belongs to the Gonualax sp. group and is also
a cosmopolite which is mostly distributed in the Northern Hemisphere
[98, 99]. Cysts of these species dominate (up to 76% of dinocysts assemblages) in
the northern and central areas of the White Sea. The species Spiniferites ramosus is
also cosmopolitan and is most abundant in mixing layers of the surface waters
[11, 99, 100]. In the White Sea, this species is most abundant (up to 51%) in the
unstratified waters of the Onega Bay.

The heterotrophic marine dinocyst species, typical of polar and subpolar regions,
such as Islandinium minutum and similar morphotypes (I. cezare and Echinidinium
karaense), inhabit in the wide temperature and salinity ranges. They are capable of
dwelling over 8—12 months under the conditions of sea-ice cover [8, 98, 99, 101] and
are most abundant (up to 33%) in the central and southern parts of the White Sea.
The cysts of the neritic species Brigantedinium cariacoense and Brigantedinium
simplex, which belong to heterotrophic planktonic dinoflagellate of the
Protoperidinium genus, are widely spread in cold waters. In the White Sea, these
species are characteristics of dinocyst assemblages from the northern and central
regions, where their total abundances reach 42%. The highest abundances (up to
18%) of the species Selenopemphix quanta, which is highly tolerant to the salinity
and temperature of the surface waters, recorded in dinocyst assemblages of the
Dvina Bay. In plankton, cells of this species are prevalent in cold, temperate, and
warm waters [98, 99].

The total content of the other dinocysts species never exceeds 10% in the White
Sea sediment assemblages. Meanwhile, their ecological and phytogeographical
characteristics may provide additional information on the hydrological environ-
ments. Cysts of Polykrikos sp. Arctic morphotype are characteristics (up to 2%) of
the Kandalaksha and the Dvina Bays. Cysts of Bitectatodinium tepikiense, which
also belong to widespread tropical-boreal species [98, 99], are relatively abundant in
the northern parts of the Basin and in the Dvina Bay (up to 5-10%). Species of the
Nematosphaeropsis genus are cosmopolites and, at their living stage, refer to
the Gonyaulax spinifera species as well as species of the Spiniferites genus. In the
sediments of the White Sea, they occur occasionally (up to 1%), primarily in the
central parts of the sea.

The Dvina Bay with the maximal freshwater input via the Northern Dvina River
runoff is characterized by the gradual increase of dinocyst concentrations in surface
sediments from 400 to 5 x 10> cyst/g with increase of surface water salinity. The
maximal concentrations (up to 20 x 10° cyst/g of dry sediment) were recorded at the
exit from the bay toward the Gorlo Strait, where active water exchange with the
Barents Sea occurs. Here, the dinocyst assemblages are dominated by the autotro-
phic species Operculodinium centrocarpum. In the bay apex, in the region of the
operation of the marginal filter [35, 102], an enhanced concentration (up to 40%) of
dinocysts of the heterotrophic species Islandinium minutum and Echinidinium
karaense, whose presence was related to the high water turbidity, and a decrease
in the number of autotrophic species were noted.
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The Onega Bay is one of the most shallow-water bays of the sea. Its waters are
formed under the influence of an intensive Onega River runoff and of the waters of
the Basin that penetrate into the most deepwater northern part of the bay via the
Zapadnaya Solovetskaya Salma Strait. The waters of the northern part are charac-
terized by a higher salinity (25-26 psu) and a lower temperature. Onega Bay is an
estuary with the most complicated mosaic structure of the bottom topography,
islands, and water stratification [39, 41]. In this region, the composition of the
dinocysts in the surface sediments is completely dominated by the autotrophic
cosmopolitan species Operculodinium centrocarpum, Pentapharsodinium dalei,
and Spiniferites spp. (up to 50%) at high contents of heterotrophic species such as
Islandinium minutum and Polykrikos sp. Arctic morphotype [23]. The highest
concentrations of Operculodinium centrocarpum and Pentapharsodinium dalei
were up to 1,700 cysts/g of dry sediment, and total relative abundances in the
sediment associations reached 37%. The concentration of Spiniferites species
(40-50%) ranged from 0.38 x 10° to 1.4 x 10 cyst/g toward the Solovetsky
Islands. The prevalence of autotrophic species in the dinocyst associations of the
Onega Bay surface sediments is related to the composition of the phytoplankton and
the temperature conditions favorable for the development of dinoflagellates during
the vegetative season. Along with this, the raised percentages of the heterotrophic
species Islandinium minutum and related morphotypes (I. cezare, Echinidinium
caraense) are probably caused by the enhanced concentrations of suspended matter
in the frontal river—sea zone, whose surface waters are characterized by high
productivity during the vegetative season (see above; [35]).

The Kandalaksha Bay is the most deepwater bay of the White Sea, which is
characterized by a relatively calm hydrological regime and a steady water stratifi-
cation in the summertime [39, 41]. This bay is prominent by the most indented
coastline and irregular riverine runoff in different parts. In its water structure, three
types of water masses are distinguished, namely, the surface, intermediate, and
bottom waters [39, 41]. The dinocyst concentrations in the sediments of the central
part of this bay reach 17.1 x 10* cyst/g and increase up to 22 x 10? cyst/g toward
the central depression. Photoautotrophic species such as Operculodinium
centrocarpum and others dominate (up to 76%) in the dinocyst associations from
the surface sediments (high AH-ratio), and their total concentrations reach 3 X 10°
cyst/g in the sediments from the bay apex and increase up to 13 x 10° cyst/g in the
middle, most open part. Heterotrophic species such as Islandinium minutum and
related morphotypes are also present (up to 18%) in the dinocyst assemblages with
the total concentrations up to 2.5 x 10° cyst/g. Cysts of the tropical-boreal species
Polykrikos sp. Arctic morphotype comprise 1-2%. On the whole, the cysts of
heterotrophic species are mainly confined to the shallow-water regions of the bay,
in contrast to the cysts of autotrophic species, which are spreading in the open parts
of the sea characterized by a higher transparency (low AH-ratio). This is also
confirmed by a presence of the Spiniferites species (with a total content up to
32% in the dinocyst assemblages) confined to the areas with the minimal suspended
matter’s concentrations nearby the Solovetsky Islands. This agrees with both
satellite and expeditionary data [35]. In the apex of the Kandalaksha Bay, the
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heterotrophic Selenopemphix quanta occur with relative abundances up to 10% in
dinocyst assemblages.

The Basin of the White Sea occupies the central part of the sea with water depths
of 100-300 m. The surface sediments of the Basin are characterized by constantly
high dinocyst concentrations (>7,000 cyst/g of dry sediment) (Fig. 3a). The photo-
autotrophic species Operculodinium centrocarpum, Pentapharsodinium dalei, and
others (up to 65% in dinocyst assemblages) and species of the Spiniferites genus
(up to 40%) dominate marking the zones with the lowest concentrations of
suspended matter. In the central part of the Basin, autotrophic Nematosphaeropsis
labyrinthus, preferred the high water depth [101], generally occur at the highest
water depth of the Basin [23].

The principal types of dinocyst assemblages in the surface sediments of the White
Sea. An analysis of the species composition of the dinoflagellate cysts and their
abundances in the associations of the surface sediments of the White Sea allowed us
to distinguish the following principal types of associations, whose spatial distribu-
tion is controlled, primarily, by the feeding type and species composition of living
dinoflagellates that produce their cysts in the photic layer of the White Sea waters
[45, 46].

The autotrophic association includes species of the Gonyaulacaceae genus
(Operculodinium centrocarpum, Pentapharsodinium dalei, Spiniferites group, and
others), which dominates almost all over the White Sea surface sediments. Their
highest relative abundances revealed in the central part of the sea (up to 95%) and in
the region adjacent to the Solovetsky Islands (70%), where the minimal concentra-
tions of suspended matter in water were recorded and, therefore, there are the most
favorable conditions for photosynthesis.

The heterotrophic association is mainly represented by cysts of the
Protoperidinium genus: Islandinium minutum, I. cezare, Echinidinium karaense,
Brigantedinium cariacoense, and Brigantedinium simplex. Their highest abun-
dances in the dinocyst associations (up to 47%) are rather clearly confined to the
inner parts of bays with shallow unstratified waters and with high water turbidity,
first of all, in the regions nearby the Onega and the Northern Dvina Rivers.

4.3 Peculiarities of Microalgae Accumulation under
the Marginal Filter Conditions

A recent approach to studying bottom sediments in the White Sea is based on
comprehensive analysis of the drainage area — sea system — which has been suc-
cessfully used in practice by scientists from the Laboratory of Physical Geology
Researches of I0 RAS since 2000 [36, 37, 103]. The data obtained during this period
demonstrate that the transformation of particulate and dissolved matter transported



Diatoms and Aquatic Palynomorphs in the White Sea Sediments as. .. 85

from drainage basins occurs in the mouth areas of rivers and in bays, which serve as
typical marginal filters (MFs) [33, 35-37, 42, 51, 53, 54, 102, 104—110]. These MFs
represent a natural system of gravitational, physicochemical (coagulation—adsorp-
tion), and biological stages, which successively replace each other with distance
from river mouths. One of the main components of suspended matter (SPM) in MFs
of the arctic seas is represented by riverine and marine phytoplankton, the accumu-
lation of which, as well as biological water productivity, is controlled by physico-
chemical processes in the river—sea water mixing zone [7, 18-20, 35, 43, 102, 111,
112, 113].

In this chapter, we present results of a detailed study of microalgae (diatoms and
aquatic palynomorphs) distribution in surface bottom sediments of the largest bays
of the White Sea and the formation of their assemblages at different MF stages.
Diatoms and aquatic palynomorphs (cysts of marine dinoflagellate species and
freshwater Chlorophyceae algae), which represent reliable indicators of the sea-ice
and hydrological regime and depositional environments in the White Sea [7, 17, 19,
23], were the objects of this study.

The examined samples were obtained in bays with different hydrology and
physicogeographical conditions (Table 2, Fig. 1), located away from river mouths
seaward to 110 km (the Dvina Bay), 160 km (the Onega Bay), and 18 km (the
Kemskaya Guba Bay), where water depths attained 75.8, 36.1, and 20.8 m, respec-
tively. The mean interannual summer (April-September) surface water salinity
varies from O to 26.3 psu, from O to 23.4 psu, and from O to 26.7 psu in the Dvina
and the Onega Bays and the Kemskaya Guba Bay [31, 44], and mean interannual
surface summer water temperatures are 2.9-7.6°C, 6.6—11.8°C, and 2.9-7.7°C.

Analysis of the quantitative distribution of diatoms and aquatic palynomorphs in
surface sediments of the Dvina and the Onega Bays, and the Kemskaya Guba Bay,
and the river estuaries revealed a regular increase in microalgae concentrations in
fine-grained sediments (Fig. 4) that was primarily caused by the sizes of dominant
diatom (10—100 pm) and dinocysts (32—100 pm) species.

In sediments with content of silty-clay fraction <35-40%, the total abundance of
diatoms usually below 0.2 x 10° valves/g dry sediment is sharply increasing by
nearly an order of magnitude with growth of the latter up to >40%. Maximum
concentrations of diatoms and aquatic palynomorphs (up to 8.6 x 10° valves/g and
19.5 x 10° specimens/g, respectively) were confined to sediments with content of
the silty-clay fraction up to 80-100%. The following regional features of diatom and
aquatic palynomorph assemblage formation were established in the studied bays.

The Dvina Bay The Dvina Bay annually receives over half the total river runoff
into the White Sea mostly due to the Northern Dvina River discharge [110]. The
amplitude of tidal changes in sea level in this basin is 0.5-1.2 m. Diatom assem-
blages in surface sediments of the Northern Dvina River Delta branches under water
salinity of ~0 psu are largely represented by freshwater diatoms dominated by
planktonic (Aulacoseira italica, A. subarctica, A. granulata) and taxonomically
diverse periphytic and benthic (Staurosira construens, Fragilaria capucina,
Tabellaria flocculosa, Amphora ovalis) species typical of northern rivers
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accompanied by single valves of marine taxa. Extremely high concentrations of
diatoms (up to 4.4 x 10° valves/g) have been recorded in a bend of the Northern
Dvina River (Figs. 4 and 5), likely corresponding to the first (gravitational) MF
stage I, which is characterized by slow water flow and avalanche-like accumulation
of the terrigenous component of SPM including particulate organic carbon (POC)
[102, 114]. This assumption is confirmed by the high content of the sandy fraction
(99.4%) in the studied samples.

In the river—sea barrier zone, 15-20 km away from the river mouth, at the water
depth of approximately 5 m, the average annual summer water salinity in the surface
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layer increases rapidly up to 18-20 psu. This is accompanied by a sharp decrease in
concentration of SPM, which corresponds to the next, physicochemical
(or coagulation—adsorption) MF stages II and III [35, 54, 102]. The microalgae
assemblages in surface sediments of this area were characterized by low concentra-
tions of diatoms (<0.75 x 10° valves/g) and aquatic palynomorphs (<100 speci-
mens/g), which are consistent with their grain size and relatively low content of the
silty-clay fraction (50-60%). The diatom assemblages are dominated by freshwater,
mostly planktonic riverine species of Aulacoseira genus (71-78%, Fig. 5) along with
taxonomically diverse benthic forms. The influence of riverine runoff is also
reflected in the high relative abundances of freshwater Chlorophyceae algae in
aquatic palynomorphs assemblages (up to 54%) and CD-ratio (up to 1.2). Marine
diatoms are represented mostly by planktonic species of the Thalassiosira genus
(T. gravida, T. nordenskioeldii, T. hyperborea, T. lineata). The total amount of
sea-ice diatoms (Fragilariopsis oceanica, Fossula arctica, Nitzschia frigida) has
never exceeded 1.5-2.0% (Fig. 5). Aquatic palynomorphs assemblages were dom-
inated by cysts of marine euryhaline heterotrophic dinoflagellate species
(Islandinium minutum, Echinidinium karaense). The AH-ratio values have never
exceeded 2.

The most significant changes in concentrations of SPM and composition of
microfossil assemblages in bottom sediments have been revealed approximately
26 km from the mouth of the Northern Dvina River, at water depth of 10-15 m.
This area, which was characterized over the summer low-water seasons of
2001-2005 by salinity ranging from 19 to 25 psu, exhibits a distinct (R* = 0.80
for n = 12) inverse linear correlation between the volume concentration of SPM
and water salinity and a four- to fivefold decrease of the former [54]. SPM was
deposited due to coagulation and the biofiltration system of plankton (MF, bio-
logical stage IV) [35, 43, 54, 102]. Bottom sediments of this region were charac-
terized by an extremely high content of the silty-clay fraction (up to 96.7%) and
the total concentrations of diatoms (up to 4.16 x 10° valves/g) and aquatic
palynomorphs (up to 6.15 x 10® specimens/g). It should be noted that microfossil
assemblages in the area under consideration exhibit the second maximum of
abundances of freshwater diatoms and freshwater green algae, which total concen-
trations reached 3.04 x 10° valves/g and 3.5 x 10 specimens/g, respectively
(Fig. 5).

Seaward of the Northern Dvina mouth, beyond of the coagulation—adsorption MF
stages II-III, the surface water salinity varies over a small range (from 22.3 to
23.8 psu) with maximum values in the outer part of the bay. In this salinity range,
the SPM concentration increased mostly due to relatively high phytoplankton
productivity (MF, biological stages IV-V) [43, 54, 103]. In surface sediments of
this region, the content of the silty-clay fraction was usually high (up to 93.4%).
The total concentration of marine diatoms, represented predominately by
planktonic  species (Thalassiosira antarctica, T. baltica, T. angulata,
T. oestrupii, Thalassionema nitzschioides, spores of the Chaetoceros genus),
reached 4.38 x 10° valves/g sediment, and relative abundances of sea-ice species
(Fragilariopsis cylindrus, F. oceanica, and others) in diatom assemblages composed
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4-6%. It should be noted that freshwater diatoms occurred in almost all studied
surface sediment samples from this part of the bay that indicates an influx of the
Northern Dvina River during the spring flood [35, 54]. The total amount of fresh-
water diatoms in diatom assemblages did not exceed 6.6%. However, freshwater
Chlorophyceae algae eliminated almost completely from the surface sediments of
this area, and CD-ratio was approximately 0.1-0.5. Concentrations of dinocysts
increased up to 19.5 x 10° cysts/g. The values of AH-ratio could be as high as
8-10, reflecting the predominance of cysts of autotrophic dinoflagellate species
(Operculodinium centrocarpum, Pentapharsodinium dalei, Spiniferites ramosus).

The Onega Bay The Onega Bay is the largest and shallowest among the others and
receives approximately one-third of the entire river runoff into the White Sea. It is
characterized by maximum hydrodynamic activity due to tides with an amplitude up
to 2.7 m, which results in drainage of a significant part of it during low tide phase
[51, 110]. In surface sediments of the Onega River branches, which are active during
the low tides, and the adjacent sea shoals, under salinities from O to 11.8 psu
(Table 2, Fig. 5) [51, 110], the concentrations of aquatic palynomorphs and diatoms
were of the lowest values: <2-3 x 10° specimens/g and <0.4 x 10° valves/g,
respectively. The microalgae assemblages are strongly dominated by taxonomically
diverse freshwater diatoms (Aulacoseira italica, Fragilaria capucina, F. construens,
up to 63%) and Chlorophyceae algae (up to 100%) that is a characteristic of the
coagulation—adsorption MF stages II-III in the White Sea. The values of CD-ratio
are very high — up to 18-20 (Fig. 6).

With increasing distance from the Onega River mouth (about 40 km distance,
10-15 m depth) at the river—sea barrier zone, where the surface water salinity
increases up to 21-23 psu, the major part of SPM was deposited, and its concentra-
tions sharply decreased in 10—15 times (coagulation—adsorption stages II-III of MF)
[35, 51, 115]. The major bulk of freshwater diatoms and green algae, transported by
the river, was deposited within these MF stages. It was realized in sharp decrease of
proportions of freshwater algae in the assemblages from surface sediments (down to
8—15% and 20-30%, respectively) and maximum values of the CD-ratio (up to 60).
However, unlike the other arctic seas [7], the abundance of freshwater algae in
sediments of coagulation—adsorption MF stages in the Onega Bay remains extremely
low that is caused most likely by the high intensity of tidal currents.

Moving seaward off the Onega River mouth (up to 160 km) in the study area of
the bay with the water depths varied from approximately 20 m in the underwater
river channel during low-water period and never exceeded 2.7 m in coastal areas.
The mean interannual surface summer water salinity in this area was characterized
by insignificant variations (from 21.5 to 23.5 psu), while the total content of the silty-
clay fraction in bottom sediments is highly variable, ranging from 13.4 to 89.3%.
The maximum concentrations of diatoms (up to 3.7 x 10° valves/g sediment) and
aquatic palynomorphs (up to 2.4 x 10? specimens/g) are confined to sediments with
the highest content of the silty-clay fraction (up to 75.7%). As opposed to the Dvina
Bay, the dominant species in the group of marine diatoms in the headwaters of the
Onega Bay was represented by meroplanktonic euryhaline species Paralia sulcata
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that was caused by high summer heating of the waters (up to 20-22°C) in the shallow
Onega Bay [51]. In the outer part of the Onega Bay (up to 160 km away from the
mouth, water depths up 36.1 m), microalgae assemblages in bottom sediments
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were dominated by cysts of marine dinoflagellates (up to 80%) represented mostly by
autotrophic species (up to 4 x 10° cysts/g, AH-ratio 4-5; Fig. 6) Operculodinium
centrocarpum, Pentapharsodinium dalei, and Spiniferites ramosus.

The Kemskaya Guba Bay The Kemskaya Guba Bay represented a typical estuary
characterized by successive deepening away from the mouth (to 11 m in study area)
and mean interannual summer surface water salinity up to 26.7 psu (Fig. 5) [108,
109, 115]. In the mouth of the Kem’ River, sandy sediments (sandy fraction up to
92.1%; MF stage I, gravitational) yielded only freshwater periphyton diatoms with
total concentrations never exceeding 140 x 10° valves/g (Tabellaria flocculosa,
Eunotia pectinalis, E. faba, Fragilaria capucina; Fig. 4). In the outer part of the
estuary at the river—sea barrier zone, where salinity increased up to 18-22 psu,
concentrations of SPM sharply decreased down to <1 mg/l, which corresponded to
the coagulation—adsorption stages II-III of the MF [35, 109]. The bottom sediments
with content of the silty-clay fraction up to 93.2% were characterized by maximum
abundances of diatoms (up to 8.6 x 10° valves/g) and aquatic palynomorphs
(to 8.8 x 10° specimens/g). The relative abundances of freshwater species in diatom
assemblages decreased gradually from 69 to 13%, as does that of Chlorophyceae
species. The dinocysts mostly represented by autotrophic species Operculodinium
centrocarpum, Pentapharsodinium dalei, and Spiniferites ramosus (AH-ratio up to
11.2-13.0). The marine group of diatom assemblages was dominated by the sublit-
toral meroplanktonic Paralia sulcata, planktonic species of the Thalassiosira genus,
and relatively abundant (up to 10.3%) sea-ice species Fossula arctica,
Fragilariopsis cylindrus, Nitzschia frigida, and Navicula vanhoeffenii.

Beyond the estuary (up to 10 km, water depth 5-6 m) in the adjacent part of the
sea under surface summer water salinity of 22-27 psu, a general decrease in SPM
concentrations was accompanied by a successive increase in the share of POC in its
composition (19.0-52.6%) [109], which was characteristic of the MF biological
stage IV. The major part of POC was likely composed of marine phytoplankton
(diatoms, dinoflagellates), which was evident from the significant increase in their
abundance in bottom sediments (up to 3.6 x 10° valves/g and 6.7 x 10’ cysts/g,
respectively; Figs. 5 and 7).

The assemblages of marine diatoms were dominated (up to 2.8 x 10° valves/g)
by planktonic species belonging to the genera Thalassiosira (T. gravida,
T. nordenskioeldii, T. angulata, T. oestrupii, T. constricta) and Coscinodiscus
(C. oculus-iridis, C. radiatus, C. asteromphalus). A notable part of these assem-
blages was represented by sea-ice species (up to 12%). The dinoflagellate cysts
assemblages were characterized by high concentrations of the autotrophic species
Operculodinium centrocarpum (AH-ratio up to 14).

5 Conclusions

The main results of the study of diatoms and aquatic palynomorphs in surface
bottom sediments from various areas of the White Sea are as follows.
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Data obtained on the distribution of diatoms and aquatic palynomorphs in surface
sediments of the bays of the White Sea reflect a consistent mix of sedimentary and
biological processes in the bays as they are removed from the mouths of rivers, while
an increase in the water salinity has specific regional features. However, despite the
existing differences in the quantitative and species composition of the microalgae
associations due to the volume of rivers inflow, the depths of the bays and the
intensity of the tidal currents, an identical sequence of their changes, are established
at different stages of the marginal filter (MF) of rivers.

At the MF gravitational stage I, which is installed in the mouth area rivers, almost
exclusively freshwater species of diatoms were encountered, the number of which in
individual samples (the Northern Dvina River) reached several million valves/g of
dry sediment.

At the MF coagulation—adsorption stage II and III, a sharp decrease in the number
and percentage of freshwater diatoms and green algae entering the sea from river
flow was observed in the bush area of the bays.

The total diatom content in the surface sediments from these areas in the Dvina
and the Onega Bays varies widely, remaining mainly low. It resulted from the high
turbidity of water, which prevents vegetation of algae, and the intensity of tidal
currents. In the species composition of the group of marine diatoms in the assem-
blages from the surface sediments, euryhaline species are the most diverse. The
dinocyst assemblages are dominated by heterotrophic species. The maximum con-
centrations of microalgae are confined to sediments with a content of silty-clay
fraction >70-80%.

At the MF stage IV, a normal vegetation of marine plankton species proceeds,
which is reflected in the composition of microalgae tanatocenoses from bottom
sediments.
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Appendix 1

Photomicrographs of Operculodinium centrocarpum (a—c) from the White Sea
(st. 6062; central body maximum diameter 45 pm); Operculodinium centrocarpum
short process (d, e; st. 6050; central body maximum diameter 45 pm); cyst of
Pentapharsodinium dalei (f; st. 6050; central body maximum diameter 30 pm);
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Echinidinium karaense (g—i; st. 6050; central body maximum diameter 31 pm);
Spiniferites ramosus (j-1; st. 6050; central body length 40 um).
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Appendix 2

Photomicrographs of Bitectatodinium tepikiense (a, b; st. 6062; central body maximum
diameter 45 pm); Selenopemphis quanta (c; st. 6050; central body width 82 pm);
Operculodinium centrocarpum Arctic morphotype (d; st. 6050; central body maximum
diameter 35 pm); Brigantedinium simplex (e; st. 6050; central body diameter 45 pm);
Brigantedinium cariacoense (f; st. 6050; diameter 53 pm); Spiniferites elongates (g—i;
st. 6050; central body length 62 pm); Pediastrum kawraiskyi (j); Pediastrum boryanum
(k), remains of foraminifer linings (1); Botryococcus cf. braunii (m).
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Abstract Investigation of sedimentation processes led to an understanding of the
relationship between consolidated bottom sediments and dispersed sedimentary
matter supplied by the different geospheres: atmosphere, cryosphere, hydrosphere,
and biosphere. The long-term research work of the Shirshov Institute of Oceanology
RAS in the Russian Arctic seas, including the White Sea, enabled to collect aeolian
(atmogenic) material, marine and river suspended particulate matter, ice and snow
solids, as well as bottom sediments, for a comprehensive study of the sedimentation
process. The bulk of sedimentary matter from these environments is composed of
dispersed sedimentary matter with micro- and nano-sized particles. The aim of this
chapter was to study the dispersed and consolidated mineral phases of fine-grained
fraction (from 10 pm to less than 1 pm) in different geospheres of the White Sea.
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They are as follows: aerosols, river and marine suspended particulate matter, solids
carried by snow and ice, as well as surface bottom sediments. The X-ray diffrac-
tometry (XRD) and scanning electron microscopy (SEM) were the main instruments
of the study.

It is established that about half of the finely dispersed mineral phases was
composed of clay minerals. The rest of the sedimentary matter was presented by a
fine-grained clastic terrigenous material which characterizes the feeding provinces.
When passing through the water column to seabed, mineral phases are transformed
in different ways.

Keywords Aerosols, Bottom sediments, Dispersed sedimentary matter, Fine-
dispersed fraction, Scanning electron microscopy, Suspended particulate matter,
White Sea, X-ray diffractometry

1 Introduction

In accordance with modern concepts, the process of sedimentation should be
considered taking into account the transport of sedimentary matter by natural
environments (atmosphere, hydrosphere, snow, ice). Thanks to a multidisciplinary
investigation over recent years [1-3], it became obvious that the atmosphere,
cryosphere, hydrosphere, and biosphere contribute to the processes of sedimenta-
tion. These geospheres bear the dispersed sedimentary matter mostly in the form of
micro- and nanoparticles (from 10 pm to less than 1 pm). In the course of interaction
of sedimentary matter from different geospheres, their dispersed forms entering the
sea are transferred into a consolidated form of bottom marine sediments [4, 5]. The
first attempts to obtain dispersed sedimentary matter from seawater have been
undertaken by A.P. Lisitsyn in the middle of the last century [6, 7]. Further, the
study of the fine-grained sedimentary matter was continued by many researchers [8—
13]. Numerous expeditions, the modern tools, sampling techniques, and recent
analytical methods allowed to obtain data on the dispersed sedimentary matter and
to extend our understanding of modern sedimentary processes [5, 14].

2 Materials and Methods

Within the framework of the program “The White Sea System,” many multi-
disciplinary expeditions have been held by the Shirshov Institute of Oceanology of
Russian Academy of Sciences. As a result, large amount of various materials
(bottom sediments, marine and river suspended matter, snow, ice, aerosols of the
near-water layer, biota) has been collected from the different geospheres. Dispersed
sedimentary matter of all the seven geospheres of the White Sea was extracted for
analysis by X-ray diffractometry (XRD) and scanning electron microscopy (SEM).
For collection of bottom sediments, sampling by gravity tube of the large diameter as
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well as Neimisto tubes and multicorers was used. Figure 1 a displays sampling
stations of the surface bottom sediments in the White Sea. At the same stations, the
aerosol material was taken by the net method and the suspended particulate matter —
by methods of vacuum filtration of seawater and decantation of the river one [4, 5].
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Currently, the X-ray powder diffractometry is the most informative method for
studying the fine-grained substances (size from 10 pm to <1 pm), aerosols,
marine and river suspended matter, and the ice and snow solids, which finally sank
to the bottom and formed a consolidated bottom sediments of the seas and oceans.

This method allows to determine different mineral phases and their content in the
solid sample based on the analysis of the diffraction pattern. The diffraction image is
the result of the interaction of X-ray beams with a powder of solid sample. As the
distance between atoms is commensurate with the wavelength of the secondary
coherent radiation, the crystal can serve as a diffraction grating for it.

It is possible to consider a diffracted beam as result of reflection from one of the
crystal planes of an atomic lattice and obtain information about the d-spacing in the
crystal. The value of d-spacing together with the crystallographic Miller indices (hkl)
of these planes and the intensities of the diffraction reflections for each substance are
strictly individual; therefore the X-ray diffraction pattern unambiguously character-
izes the mineral composition of the examined substance. The method provides
information directly both on the substance’s structure and its composition without
destruction of the sample. Measurements do not require a large amount of substance,
and, finally, they allow to quantify the content of individual mineral phases (min-
erals) in the sample. The X-ray powder diffractometry (XRD) is characterized by the
high sensitivity, reliability, less time-consuming for analysis, as well as small mass
of samples (a few mg). To study small substance amounts, low-background cells are
used. Such cells are made of a single silicon crystal, and their working surface does
not have diffraction reflections in the investigated angular range.

The investigations were carried out on the X-ray diffractometers DRON-2.0
(Bourevestnik Inc.) and D8 ADVANCE (Bruker AXC), Cu-Ka, with Ni 0.02-filter,
40kV, 40 mA, with linear detector LYNXEYE and samples scanning in discrete mode
in steps of 0.02°0, exposure 8 s/step in the range 2.0-70° 20, with and without rotation
(for oriented clay preparations). For primary processing, interpretation of spectra, and
calculation, the programs DIFFRAC.EVA and DIFFRAC.TOPAS were used.

For the analysis of a fine-grained (both dispersed and consolidated) substances,
the standard methods commonly used in XRD diffractometry were applied [15, 16],
and corundum numbers from the ICDD database were used for the calculation. The
study of clay minerals (as part of marine suspended matter, aeolian material, and
bottom sediments) as the most labile, with a wide range of crystallic chemical
characteristics, has a great importance. Variable composition, structural defective-
ness, and the possibility of mutual transitions provide information on the nature of
geological processes. Micro- and nanoscale clay particles and, as a consequence, a
large electric charge of their surface contribute to their cohesion and the formation of
microaggregates consisting of several minerals. The identification of clay minerals
and the determination of their quantitative relationships are now being studied by
many researchers [15, 17-19]. The methods proposed by these authors were applied
in the study of aeolian material, marine and river suspended particulate matter, as
well as a fine-grained fraction of the bottom sediments of the White Sea. The
identification of clay minerals was carried out on oriented air-dried mount prepared
from a suspension of a clay fraction separated from the sample in distilled water.
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Then the preparations were saturated with ethylene glycol (for the diagnosis min-
erals of the smectite group, as well as mixed-layered clay minerals with swelling
layers) and heated at 550°C (for diagnostics kaolinite and chlorite). Another method
of studying micro- and nanoparticles was the scanning electron microscopy. Elec-
tron microscopic studies were performed using the SEM Vega 3 Tescan (Czech
Republic); the elemental microanalysis of the particles was performed by X-ray
spectral microanalyzer INCA Energy 350 (Oxford Instruments, Great Britain).

3 Mineralogy of Dispersed Sedimentary Matter
3.1 Aerosols from the Above-Water Layer

As it was mentioned above, substances carried by the air masses make a significant
contribution to bottom sediments and expand the spectrum of minerals involved in
the formation of bottom sediments [20]. To collect an essential mass of aerosols’
sample, the nylon nets (with total area about 10 m?) were used which were installed
in the nostrum deck of the ship at height of 4-9 m above the deck [2, 21]. A
countercurrent of air mass causes the occurrence of an electrostatic charge, which
attracts aerosol particles. After the exposure (usually 1 day), the nets were rinsed
with distilled water (to remove the particle charge), followed by this water filtration
through a Nuclepore filter (pore size of 0.45 pm). The aerosol samples obtained in
such a way are free of sea salt; however, the water-soluble aerosol substances are lost
during this procedure. To prevent contamination of samples from the side of the
vessel, aerosols were sampled only during the movement of the vessel in a
headwind.

Samples of aerosol material were collected in cruises 53 and 59 of R/V
“Akademik Mstislav Keldysh” (White and Kara Seas, 2007, 2011) and cruise
80 of R/V “Professor Shtokman” in the White Sea (2006) (Fig. 1b). Mineral phases
in all the samples collected were studied by X-ray powder diffractometry (XRD)
and SEM.

Table 1 displays the mineral composition of the aerosol material collected in the
above-water layer of the White and Kara Seas, as well as in the adjacent parts of the
North Atlantic and the Arctic Ocean.

Atmospheric transport is also a contributor of the biogenic substances from the
continent; these are the spores, pollen, plant fibers, and other organic particles.
Figures 2, 3, and 4 show photomicrographs of aeolian material transferred by air
masses to the above-water layer of the White Sea and the North Atlantic.

A wide range of minerals is transported by atmospheric particles which were
defined: quartz (2-35%), microcline (9-33%), and amphibole (3—5%). The aerosol
material of the above-water layer of the Kara, White, Barents, and North Seas
contains an albite in the amount of 16-20%. In the North Atlantic aerosols, andesine
and anorthite in combination with clinopyroxenes were mostly recorded. This was
obviously due to the active volcanism of the Iceland.
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Fig. 2 Microphotographs of the aerosol material collected in the White Sea (cruise 80 of R/V
“Professor Shtokman,” August 2006; see coordinates in Table 1): mineral aggregates (a); volatile
ash (b); pollen (c); plant residues, mineral aggregates (d); mineral aggregates, pollen, plant residues
(e); spores, pollen, mineral aggregates, plant residues (f)
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Fig. 3 Microphotographs of the aerosol material collected in the North Atlantic (cruise 62 of the
R/V “Akademik Mstislav Keldysh,” July 2015; see coordinates in Table 1): spores, pollen, plant
residues, aggregates of clay minerals, clastic minerals (a, b, ¢)

Carbonates in the White Sea aerosol material were mostly presented by dolomite.

Clay minerals were found everywhere: chlorite (2—12%), illite (9-25%), kaolinite
(1-14%), and rarely smectite. In the aerosols of the Kara Sea, regular hydrobiotite
(vermiculite-illite), i.e., a weathering product of soils, and zeolites-geilandite and
16-A K-zeolite have been detected. In general, amount of clay minerals in aerosol
material did not exceed 45%. Thus, the fine-grained (within the range of 1-10 pm)
clastic minerals in the aerosols of the above-water layer were predominated by
quantity over the remaining components of the aeolian material.
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Fig.4 The mineral composition (%) of the aerosol material collected in the White Sea (cruise 49 of
RV “Professor Shtokman,” August 2001; see coordinates in Table 1): microphotographs of aerosol
samples — spores, pollen, plant residues, aggregates of clay minerals, clastic minerals (a); mineral
composition of aerosols from the X-ray phase analysis data (b)

The aerosol material involved in the formation of the surface layer of bottom
sediments in the White Sea, according to our data, is essentially composed of the
fine-grained matter transported by wind from the land surface (terrigenous aeolian
material). This is suggested by presence of pollen, spores, microorganisms, remnants
of plant fibers, combustion spheres, and mineral dust in terrigenous material. The
dimensions of aerosol particles did not exceed 100 pm; they are mostly of submicron
fractions, i.e., they are an invisible dispersed sedimentary material [2]. Analysis of
aeolian material revealed that the atmospheric source contributes significantly to the
fine-grained fraction of the bottom sediments of the White Sea.

3.2 Sediment-Laden Sea Ice and Snow Particles

Atmospheric precipitation is of importance in the mobilization and concentration of
dust carried by the air masses. To obtain information on the mineral composition of
this dust captured by fallen wet snow (wet leaching), in a number of the Arkhangelsk
district, the Komi Republic, and the Nenets Autonomous District, a suspension of
melted snow material was also investigated.

Based on the results of the XRD phase analysis, quartz (45-52%) and clay
minerals (25-35%) predominated in the crystalline material extracted from the
melted snow. The quartz/feldspars ratio, one of the important characteristics of the
mineral composition of aerosols, varies from 3.4 to 8.7. The value of this ratio
depends on the intensity of weathering processes when destruction of feldspars
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primarily took place, while quartz was preserved, and this ratio is an important
characteristic of the feeding provinces. In clayey shales that are the main sedimen-
tary rocks of continents, value of quartz/feldspar ratio is close to 2. An increased
value of this ratio indicates a more intensive destruction of feldspars during the
weathering. The content of goethite in samples, from XRD phase analysis, varied
from 5 to 12% (Table 2).

Similar results were obtained using SEM with an energy-dispersive attachment.
Here, the iron minerals were detected in quantity of the average 5—7% by weight, and
they were represented mainly by goethite, while hematite and limonite were found as
an admixture. These minerals provide the brownish-yellow color of the samples
studied. Occasionally goethite generated thin brownish films over quartz grains.

Among the clay minerals in the samples, illite prevailed, and its content varied
from 39.3 to 57% (on average, 48.2% of the sum of clay minerals). Illite is the most
abundant clay mineral in the continental crust (except for the equatorial zone where
the content of kaolinite and montmorillonite is increased).

All samples contained a large amount of biogenic matter — pollen and spores
[22]. In general, the mineral composition of the dust identified these to have a soil
source, transported by the wind over long distances.

During the snow and ice melting period in the catchment areas, the accumulated
aerosol material is transferring with meltwater into the rivers, followed by their
entering the White Sea. Then this material, as well as the material accumulated in the
ice cover of the sea, sinks down the floor contributing to the fine-dispersed compo-
nent of the bottom sediments.

Table 2 Mineral composition (%) of the suspended particulate matter extracted from snow cover
of the Russian northern areas (March 25-26, 2008)

s. Zachachie |s. Emets s. Kapachevo | s. Pinega
63°25' N 63°29' N s. Brin-Navolok 63°58' N 64°42' N
Minerals 41°48' E 41°48' E 63°44' N 41°25'E | 41°42'E 43°23' E
Quartz 50 45 48 48 52
Albite 5 6 7 5 3
Microcline |3 6 5 3 3
Diopside 1 3 1 -
Amphibole |1 3 1 - -
Calcite - 1 - 0 5
Goethe 5 10 8 12 10
Clays 35 25 30 25 25
Proportion of clay minerals
Illite 42 39 47 57 54
Smectite 10 17 5 HET 6
Kaolinite 34 33 37 32 29
Chlorite 13 10 9 9 9

“"_"Beyond a detection limit
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3.3 Mineral Composition of Fine-Dispersed Fraction
(<1 um) of the Bottom Sediments of Small Rivers
in the Catchment Area of the Northwestern White Sea

Analysis of the fine-dispersed material (<1 pm) in the surface layer of bottom
sediments of the lower stream and the Kalga River marginal filter (Table 3) has
revealed a high content of terrigenous quartz, albite, and microcline (in sum more
than 70%) with a minimum contribution of clay minerals (~15%).

In addition, the Kalga River contributes to pelitic fraction of the surface sediment
layer in the White Sea with minerals as follows: amphibole, pyroxene, epidote,
calcite, aragonite, phlogopite, vermiculite (Fig. 5), goethite and hematite. Minerals
of the amphiboles group were represented by hornblende and tremolite; augite (the
pyroxenes group) was the most frequently detected.

The soil covering the catchment area was identified by the presence of illite,
vermiculite, and phlogopite. These minerals of the fine-dispersed fraction emphasize
the interrelationship of the White Sea bottom sediments with their source areas of the
Karelian coast.

The process of the Holocene sedimentation in the Kandalaksha Bay was closely
related to the development of the coastline. The sediment stratification on the
bedrock substrate due to fall of the World Ocean level was also reflected in the
composition of the fine-grained fraction of bottom sediments in the northwestern
White Sea. The histogram of average mineral’s composition of the surface bottom
sediments of Rugozerskaya Bay (fraction <1 pm) is shown in Fig. 6.

Table 4 displays the XRD results of fine-dispersed fraction (<1 pm) of the bottom
sediments of the surface layer of the Rugozerskaya Bay. The abundance of clastic
minerals was estimated to be 63%, on average, while that of clay —35%.

The spectrum of minerals, determined in the fine-grained fraction of surface
bottom sediments of the White Sea, indicates that source of their supply is obviously
the river runoff, as well as coastal abrasion.

3.4 Mineral Composition of Fine-Grained Fractions
of Marine Suspended Matter

The mineral composition of a fine-dispersed fraction of suspended particulate matter
from the White Sea and the Northern Dvina River is of great interest when deter-
mining the origin and source of suspended particles; this problem has been a subject
of our research [5].

The White Sea suspended particulate matter is a complex object for identifi-
cation of the mineral composition. This is caused by the low concentration of
suspended matter (that is typical for the Arctic seas), the seasonal variability in
abundance of biogenic components that are not distinguished by XRD method,
the intensity of fluvial supply by the rivers, ice and snow cover of the sea, and
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Fig. 5 Vermiculite in the fine-grained fraction of bottom sediments of the marginal filter of the
Kalga River (Karelian coast of the White Sea, summer 2009, sampling sites; see Fig. 1). AD
air-dried preparation, EG saturated with ethylene glycol, t 550°C sample heated at the indicated
temperature

catchment area. A preliminary electron microscopic study of our samples showed
that material was represented by a biogenic XRD amorphous mass (biogenic
detritus, pollen and spores, phyto- and zooplankton) with individual grains of
detrital minerals, mineral aggregates, and scaly formations of layered silicates.
Samples were collected by both the vacuum filtration and decantation of suspended
matter from water collected in plastic tanks in the marginal filter’s areas and mouth
of the Northern Dvina River [23]. The mineral substance collected on the filters
mainly consisted of particles of pelitic fraction. Its content depends on the water
depth and sampling location. The substance was studied by the XRD method using
a low-background cell.

Mineral composition and its distribution in the water column were studied in
marine suspended particulate matter (collected by the vacuum filtration in August—
September 2007 in cruise 53 of R/V “Akademic Mstislav Keldysh”). The three areas
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Fig. 6 Mineral composition (%) of the fine-grained fraction bottom sediments of Rugozerskaya Bay

of the White Sea were examined: the marginal filter of the Northern Dvina River, the
Gorlo, and the Voronka of the White Sea (Fig. 7).

The total mineral composition of suspended particulate matter in these three
regions collected at different horizons of the water column was rather monotonous,
which was probably due to the high hydrodynamic activity of these regions. The
bulk clay minerals transported by the Northern Dvina River were found in bottom
sediments of the mixing zone of river freshwater with the saline one. About 90% of
the riverine suspended load is deposited there [24, 25] as a result of avalanche
sedimentation. In water of the Dvina Bay, the suspended matter contained more clay
minerals; there, the smectite content reached the maximum values. Proportion of
clay minerals in the fine-grained fraction of the Dvina Bay particulate matter is
shown in Fig. 8.

In general, in the samples from three different areas, the clay mineral total content
in the White Sea suspended matter did not exceed 15%, with the predominance of
illite.

Among the carbonate minerals, aragonite was identified only in the suspended
particulate matter from the Northern Dvina River marginal filter. Calcite and dolo-
mite were found in all the samples studied. The majority of aragonite and calcite in
the White Sea suspended particulate is of a biogenic origin. The shells were
examined by XRD method layer by layer. External skeletal formation of the studied
shells (ostracum) consisted of calcite while the inner thin pearl layer (gipostracum) —
of aragonite. It is supposed that source of dolomite in suspended matter was the
pre-Quaternary sedimentary rocks of the northern part of the Russian plate.
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Fig. 7 Comparison of mineral composition of the suspended particulate matter (SPM) from the
three areas of the White Sea (the mouth of the Severnaya Dvina, Gorlo, Voronka), sampled by
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The fine-dispersed quartz dominated, and it was evenly distributed in the White
Sea suspended matter. The amount of terrigenous clastic minerals of the amphibole
group (hornblende, tremolite), microcline, and albite was of subordinate importance.
A relatively higher content of these minerals was determined in the surface sedi-
ments of the Voronka of White Sea, from which clay particles are carried away by
currents.

The concentration of suspended matter in fresh river water was much higher
compared to marine water, and this allowed to use a decantation method successfully
for its collection. The study of decantation matter let us see the spectrum of minerals
typical for freshwater of the Northern Dvina River (Table 5).

In addition to the minerals that are present in the marine suspended matter, the
riverine suspension contains the mixed-layered minerals (montmorillonite-chlorite),
minerals of the serpentine group, as well as vermiculite, mica, gypsum, and bassanite
[CaSO,4] * 0.5H,0.

The marginal filter of the Northern Dvina River is characterized by a change in
the alkaline-earth type of montmorillonite (Na* + K*/Ca** + Mg>*) <0.5,
doo1 ~ 14 A in alkaline (Na* + K*/Ca** + Mg?*) >1, dgo; ~12 A. The interlayer
exchange of Ca** and Mg** cations of smectite from freshwaters of the Northern
Dvina River, in the saline waters of the Dvina Bay, is replaced by Na™ and K* of
seawater. The free from overlay reflection of montmorillonite with dyy; ~12 A makes
it possible to diagnose it as alkaline.

The 14-A peak of alkaline-earth montmorillonite is hidden under the basal
reflection of 001 chlorite (Fig. 9); saturation of the sample with ethylene glycol
leads to its transfer to the 17A region, which provides reliable diagnostics of this
species.

3.5 The Role of Biota in the Formation of Bottom Sediments

One of the mechanisms of supplying fine-dispersed mineral suspensions to bottom
sediments is a sedimentation by biological transport. Zooplanktonic that filters
suspended micro- and nanoparticles plays a key role in this process. Phyto- and
zooplanktonic organisms realize several biogeochemical functions, such as trans-
forming of dissolved elements’ species into suspended particles, biogenic triad
(CaCO; + SiO; + Corg); consuming organic constituents of suspended matter as
food; concentrating mineral particles; and packaging them into cover (peritrophic
membrane) with subsequent accelerated vertical transport to the bottom in the
form of pellets.

<
«

Fig. 7 (continued) filtration from several horizons of the water column in August—September 2007.
SPM from the 13.5 m and 15 m horizons (a); SPM from the upper (0 m) horizon (b); SPM from
0, 15, 45, and 60 m horizons of the Gorlo area (c¢)
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Fig. 8 The average percentage of clay minerals in the SPM of the Dvinsky Bay (July 2012)

Table 5 Mineral composition of (%) suspended particulate matter from the Northern Dvina River
in June and August 2015

Dates and sites of samples collection

12.05.2015 |16.06.2015 22.06.2015 | 18.08.2015 |21.08.2015

Mineral Dock Port “economy” | Dock Dock Port “economy”
Quartz 20 16 13 18 22

Albite 18 23 20 18 20
Microcline 12 12 12 14 11

Virgin 2 4 3 1 1
Amphibole |5 5 7 6 6

Smectite 12 9 12 9 9

Ilite 13 14 11 13 11

Chlorite 8 7 6 5 6

Kaolinite 6 5 5 5 6

Calcite - - 1 3 -

Dolomite 4 3 2 3 3

Bassanite - - - 5 3

Gypsum - - - - 2
Serpentine | — - 8 - -

Sso mr* - Trace - - -

“_" Beyond a detection limit
“Mixed-layered formation of the montmorillonite-chlorite type

Copepods of the genus Calanus contribute to precipitation of marine suspended
matter in the White Sea, as well as in the entire Arctic basin. The mechanisms of
biological sedimentation were studied in the White, Caspian, and Kara Seas [1, 26,

27].

Comparative XRD analysis of marine suspended matter and pellets, produced by
copepods of the genus Calanus, showed the following. The crystalline part of marine
suspended matter consists of three main components. The predominant component
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Fig. 9 Diffractogram of the clay fraction of the SPM collected by the decantation method at the
port Ekonomiya of Arkhangelsk in June 2015. AD air-dry sample, EG the same sample saturated
with ethylene glycol

of lithogenous fine-grained clastic minerals composed of quartz, feldspars, and
pyroxene group, amounted from 35 to 60%. The second important component was
the clay group’s minerals: layered silicates (chlorite, kaolinite, illite, muscovite) that
also make a significant contribution (30-48%) to the mineral composition of
suspended matter. The third group was carbonate minerals (dolomite, calcite, ara-
gonite) in the amount of <10%. In addition, in particulate matter, a biogenic opal
Si0, was present (<10%) which was detected by optical microscopy and chemical
analysis. In general, such a composition and quantitative proportions of minerals
were characteristics of the marine suspended matter of the White, Kara, and other
seas of the Russian Arctic.

Our XRD analysis of mineral particles packed in fecal pellets of C. glacialis
showed that their composition was almost identical to the mineral composition of the
marine particulate matter.

We observed a selectivity of copepods in consumption of mineral suspensions
with the preference for the fine-grained fractions compared to coarser particles.
Particularly noticeable was a relative decrease in quartz content (Fig. 10) from
32% in marine suspension to 15% in pellets. Quartz is known to be a resistant
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Fig. 10 Comparison of the mineral composition (%) of marine SPM and fecal pellets of Calanus
glacialis sampled at the same station from the same horizon

mineral to mechanical breakage. In general, the mineral proportion of clastic and
clay minerals in suspended matter and in pellets did not differ significantly.
Apparently, this is due to the greater adaptability of the crustaceans’ filtration
apparatus to consumption of particles of a certain size, depending on their own size.
Copepods’ feeding a suspension promotes the movement of detrital fine-grained
pelitic material into bottom sediments. Thus, this mechanism promotes the transfor-
mation of dispersed forms of sedimentary matter into the bound ones (pellets). It is

an important stage in the formation of a consolidated form of sedimentary matter,
namely, the bottom sediments.

4 Mineral Composition of Pelitic Fractions of the White Sea
Bottom Sediments

Traditionally it is considered that the main constituents of pelitic fraction (<1 pm) of
bottom sediments are the clay group minerals. However, from results of the XRD
analysis of samples of bottom sediments in the southern part of the Basin, Dvinsky,
and Onega Bays, we have discovered that the pelitic fraction of the White Sea
sediments is a three-component one. It is composed of fine-grained clastic, clayey,

and biogenic minerals. The other minerals are of subordinate importance and have a
local distribution.
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Comparison of mineral content in fractions <1 and <10 pm shows that the
fraction <10 pm was enriched in quartz in all samples; besides, only in this fraction,
almandine (mineral of garnet group) was identified. Other clastic minerals have no
clear relation with one of the two grain-size fractions. The content of clay minerals
was somewhat higher in the fraction <1 pm (Fig. 11).

From our data it follows that predominant group was the lithogenic clastic
minerals resulted from weathering of rocks on land and supplied into the sea due
to the river runoff, ice and snow melting, and aeolian transport. Lithogenous clastic
minerals include mineral components of the light and heavy subfractions, such as
quartz, feldspars, carbonates, minerals of the epidote, pyroxene, amphibole, garnet,
and mica groups. The group of clay minerals (smectite, illite, kaolinite, chlorite) in
the fractions under study rarely exceeds 50%, and generally they have a quantitative
subordination. The third group was planktonic and benthic biogenic calcareous and
siliceous minerals, whose contribution to the bottom sediments of the White Sea was
relatively small.

The total content of clastic minerals in the fine-grained fraction of surface
sediments varied, according to our data, from 43.6 to 89.5%. In Fig. 12, a diffraction
pattern of the surface bottom sediments of the White Sea collected by gravity tube of
the large diameter and histogram with quantitative analysis results is shown. The
pelitic fraction in this sample contains 62% of clastic minerals, 35% of clay, and 2%
of aragonite.

Clastic minerals are represented by quartz, albite, anorthite, microcline, horn-
blende, and augite and clay minerals with alkali dioctahedral smectite, magnesia-
ferruginous chlorite, kaolinite, and illite. In addition, the sample contains aragonite
and trace amounts of epidote.

Variations in the percentage of major clastic minerals in the fine-grained fraction
in surface bottom sediments along the axial section of the White Sea are small.

The presence of carbonate minerals in the fine-grained fraction and high concen-
trations of feldspars (albite and microcline) makes it possible to consider that both
strongly weathered material from the northern Russian Plate and the fresh material
from the Karelian coast were mobilized in the White Sea sediments.

Clayey component of surface sediments of the White Sea, as in the case of the
entire Arctic basin generally, was dominated by illite and chlorite. The highest levels
of smectite were observed in the areas of the Dvina Bay.

Transformation of dispersed sedimentary matter in water column (suspended
particulate matter) into sediments depends on the various chemical, physical, and
biological factors that accompany the particle flux in the sea. This transformation is
most active at the water-bottom boundary [28]. This zone consists of three subzones:
near-bottom water, fluffy layer, and surface sediments. In Fig. 13 the schematic map
is shown of sampling by use of Neimisto tube.

The use of the Neimisto tube as well as multicorer allowed us to collect
undisturbed sediment core and to perform detailed investigation of mineral compo-
sition of sedimentary material deposited in a contact zone between near-bottom
water and the uppermost sediment layer. The clastic minerals are represented by
quartz (19-34%), albite (15-35%), microcline (7-12%), minerals of amphibole
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Fig. 11 Comparative characteristics of accumulation of terrigenous clastic minerals and clay min-
erals in two fractions (<1 and <10 pm) of bottom sediments by the example of three (a—c)
sampling points (White Sea, August 2014, RV Ecolog, stations 1401, 1408, and 1422, 153 m depth)
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Fig. 13 Sampling stations of bottom sediments taken with Neimisto tube (July 2012, 2014)

groups (hornblende and tremolite, 2-6%), and pyroxene (diopside, augite, 0—3%).
The carbonate group is represented by ubiquitous dolomite (2-3%), calcite (0-2%),
Mg-calcite (~2%), and aragonite (1-2%). In addition, the samples contain iron
hydroxides (goethite), as well as epidote, garnet (up to 3%), and mica (muscovite
and phlogopite, 5-21%). In the clay mineral group, illite (6—10%), smectite (0—5%),
kaolinite (0—6%), and chlorite (2-11%) were registered. As a whole, the mineral
composition of sediments at four stations inherits, with minor variations, a mineral
complex which has been identified in dispersed sedimentary matter of the water
column (Fig. 14).

Dioctahedral smectites (montmorillonite is a member of this group) are formed by
triple-layered tetrahedron-octahedral-tetrahedron packets and the hydrated exchange
cations Na*, K*, Mg®*, and Ca®* between them. They regulate the degree of
intercrystalline swelling of smectites. This, in turn, is reflected in their diffraction
pattern: the basal reflection of 001 montmorillonite with the exchange cations Na*
and K* corresponds to an interplanar spacing d ~ 12.4 A. Substitution of these
cations for Mg®* and Ca* leads to increase in d to 15.5 A.

It was found that the two groups were distinguished in the bottom sediments of
the White Sea. Montmorillonites from the brackish water sediments of river mouths
have a packet height d ~ 14.4 A, for montmorillonites from marine sediments
d ~ 12.6 A. In marine suspended particulate matter and fluffy layer, the exchange
cations have a mixed composition. The montmorillonite content was mainly
increased with depth in water column. The relative content of montmorillonite in
surface sediment layer varied from the detection limits in the hydrodynamically
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Fig. 14 Mineral composition (%) of the White Sea sediments in the near-water-seabed barrier zone
[July, 2012, stations 4, 5, 10, 12 (a—d) — sampler — Neimisto tube]

active areas of the White Sea to 15% in the marginal filter of the Northern Dvina
River.

Chlorite with a different proportion of Fe and Mg was detected in the White Sea
bottom sediments everywhere, and its content varied from 6 to 17%. Kaolinite of
different degrees of crystallization accounted for 3 to 10%. The most common
mineral of the clay group is illite; its content varied from 49 to 87% (of the total
clay minerals).

In order to identify post-sedimentation zoning in sedimentary complexes, the
Kiibler Index (KI), the crystallinity index of illite, is widely used. High amounts of
illite in the White Sea made it possible to determine this index for bottom sediments
at several stations. The material was obtained by the Neimisto tube in July 2012. The
Kiibler Index is experimentally determined by measuring the width of the basal XRD
diffraction reflection 001 illite at half of its height (full width at half maximum —
FWHM). This value indirectly characterizes the thickness of the illite packet (the
coherent scattering area), which can indicate a grade of early diagenetic changes.
From Fig. 15, one may see that at this stage of sediment formation, thickness of the
illite packet decreases from suspended matter to the fluffy layer and further to
surface sediments.

In this case, we observe transformation in the row of mica-illite-smectite. One of
the key phenomena here, perhaps, is the substitution of inter-pack potassium mica
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Fig. 15 Early diagenetic changes in the crystallinity of illite (July 2012, stations 4, 5, 10, 12,
Neimisto tube sampler)

for the hydrated cations of the surrounding aquatic environment. This is also con-
firmed by a slight relative increase in the smectite content.

In Fig. 16, distribution of percentage of fine-grained clastic (terrigenous) minerals
at sites where surface bottom sediments were collected is displayed. One can see an
evident dominance (up to 89%) of fine-grained clastic minerals in all the samples
studied. A group of clay minerals accounted for 44-90%.

The clastic terrigenous group is represented by a wide spectrum of minerals
carried by both air masses and as a result of snow melting, coastal abrasion,
and fluvial supply. This includes the mineral components of light and heavy sub-
fractions, such as quartz, feldspars (albite, anorthite, microcline), minerals of the
epidote, pyroxene (diopside, augite), amphibole (tremolite, hornblende), garnet
(spessartine, almandine), and mica (muscovite, phlogopite) groups.

A group of carbonates consists of a widespread terrigenous dolomite, authigenic
Mg-calcite, as well as the biogenous calcite and aragonite of planktonic and benthic
origin. Their contribution to the fine-grained fraction of bottom sediments was
minimal.

Clay minerals (smectite, illite, kaolinite, chlorite) occupy the second place in
terms of prevalence and have a different genesis. The distribution and composition
of clay minerals in the White Sea surface sediments as a whole do not differ from
those in the Arctic basin, where illite and chlorite also dominate. In the composition
of the fraction studied, the sum of clay minerals rarely exceeded 50% and generally
had a subordinate value. It was revealed that the layered silicates’ transformation
proceeds in a row: mica — illite — illite-smectite — smectite in sedimentary matter
at the water-bottom interface, as well as in the early diagenesis stage. The data
obtained can serve a basis for further study of sedimentation processes.
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Fig. 16 The content of clastic minerals (%) in the fine-grained fraction (<1 pm) of the surface
(0-5 cm) bottom sediments of the White Sea

5 Conclusions

1. The mineral composition of fine-grained (<10 and <1 pm), dispersed (aerosols,
cryosols, riverine, and marine suspended matter), and consolidated (bottom
sediments) sedimentary matter of the White Sea was studied.

2. It was revealed that opposed to traditional views, the fine-grained pelitic fraction
of the White Sea bottom sediments consists not only of clay minerals, whose
content rarely exceeds 50%, but mostly of fine-grained clastic terrigenous
minerals.

3. Quartz and feldspars (albite, anorthite, andesine, microcline, orthoclase) domi-
nate among the fine-grained minerals. Dark-colored minerals are represented by a
group of amphiboles (hornblende, tremolite) and pyroxenes (augite, diopside).
Mica (muscovite, phlogopite) is of subordinate importance.

4. Tt was defined that albite and microcline could be used as markers of eolian
material supply to the eastern Arctic seas, while anorthite, andesine, and ortho-
clase are indicative of the North Atlantic source, where they are characteristics of
aeolian material.

5. The most common clay minerals in the White Sea are illite and chlorite, and this is
true for many areas of the Arctic basin. Montmorillonite is the main mineral of the
smectite group in the bottom sediments of the White Sea. The alkaline-earth
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species of montmorillonite is replaced with the alkaline one in the barrier mixing
zone of river and sea water.

. One of the main mechanisms for settling of fine-grained suspended particulate

matter beyond the marginal filter is biosedimentation; the size of the precipitated
particles depends on size of the zooplankton filtration apparatus.
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Abstract The Late Pleistocene and Holocene history of the White Sea Basin is a key
to the paleogeography of Northwestern Russia. The chapter describes successively the
history of the study of Quaternary sediments in the White Sea, the existing views on
the time, and features of the development of the modern sea basin. A seismic-acoustic
profiling and lithostratigraphic analysis of selected cores were used to divide the
Quaternary cover. Geophysical data made it possible to characterize its three-member
structure: glacial, glacial-marine, and marine facies. Lithological and micropaleonto-
logical data were used to justify the age of seismic-acoustic units, as well as to
characterize facies of the seabed deposits. Analysis of seismic and lithostratigraphic
data characterized the major stages of the White Sea Basin history, which began
about 14,000 years ago after the onset of the terrain deglaciation. The change of the
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sedimentation regime occurred about 11,000 years ago. As a result of the penetration of
seawater through the Gorlo Strait, glacial-marine basins appeared in the White Sea
Basin. In the boreal time of the Holocene (about 9,000 years ago), the marine regime
was finally established in all White Sea. A schematic of the Late Pleistocene glacial
flow distribution is attached to the chapter. We assume that the Late Pleistocene glaciers
did not come in stages from the west but also from the northeast over Kanin Peninsula.
New data add details to the Holocene sedimentation history and establish the onset of
marine environment on Kola Peninsula, in Karelia, and in the Arkhangelsk region.
Recent seismic-acoustic surveys and multichannel high-frequency tools expanded our
knowledge of geological bodies and their stratigraphic position in the inner glacial
basin. New dating of drill cores and recent geophysical data added quantitative criteria
to the Quaternary history.

Keywords Glacial history, Glaciation, Holocene, Quaternary deposits, Seabed
sediments, Seismic profiling, White Sea

1 Introduction

The Late Pleistocene and Holocene history of the White Sea Basin is a key to the
paleogeography of Northwestern Russia. Many studies of this area were carried out by
the Kola and Karelian branches of the Russian Academy of Sciences, some results of
which have been published [1-4].

The Pleistocene, more precisely, Late Pleistocene sediments were deposited in
the White Sea Basin, so the main features of the basin history should be sought on
the seafloor. This study was based on the following aims:

* Analysis of geological surveys performed by A.P. Karpinsky Russian Geological
Research Institute (VSEGEI) in the middle of the twentieth century

* Review of the Quaternary studies on Kola Peninsula supplemented by original
data, including description of key sections studied by VSEGEI during geological
mapping covering all the area of the White Sea and a coastal land at 2003-2005

 Interpretation of new seismic-acoustic lines surveyed by Marine Arctic Geolog-
ical expedition (MAGE) in 2003-2007 in the White Sea and the analysis made
during preparation to publishing of the State Geological Maps

¢ Geological data obtained by Sevmorgeo in cooperation with the Institute of
Oceanology of the Russian Academy of Sciences while completing the World
Ocean and White Sea programs (2004-2007)

* The latest seismic-acoustic data obtained by SIC and Sevmorgeo in the north-
western White Sea

The authors are members of the named institutions, and the materials presented
here make up a version of Quaternary geology of this most interesting region.
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2 Milestones of the White Sea Quaternary Studies

The first information on the White Sea floor sediments was obtained during hydrobi-
ological studies carried out in the nineteenth century. The greatest contribution to the
seabed description was made by outstanding Russian hydrobiologist K. M. Deryugin.
He was the first who established deepwater sands, sandstones with concretions, and
other evidence of slow sedimentation in the White Sea deepwater environment [5].

A detailed study of the White Sea sediments was undertaken by the Boat-Based
Marine Institute (Plavmornin), which was established in 1923 in Murmansk on the
Perseus vessel. The Perseus lifted the first columns of seabed sediments and obtained
detailed information on the distribution and composition (including chemical compo-
sition) of the sediments, provided a detailed description of concretions. The first
description of the lithostratigraphic column of the White Sea was published by I. K.
Avilov [6], who discovered that the Holocene seabed sediments have glacial forma-
tions at the base, which then have been overlaid by glacial-lacustrine and marine-
glacial deposits.

The second phase of the lithologic-stratigraphic works in the White Sea was
performed by the Belomorskaya Expedition of the Institute of Oceanology in 1957.
These works made a significant contribution to understanding of the White Sea history
and to stratigraphy of the Late Pleistocene deposits [7-9]. The current Quaternary
stratigraphic column includes glacial, glacial-lacustrine, glacial-marine, and marine
sediments, as well as transitional strata between the last two types.

The next lithologic-stratigraphic stage of research was an offshore mapping. The
mapping was initiated by VSEGEI in 1971, and it included sampling of seabed sedi-
ments using ground pipes and drags. The mapping first included geophysical
surveys. In 1972, VSEGEI together with Lomonosov State University, Moscow,
completed a seismic-acoustic survey [10]. It discovered that the Quaternary sedi-
ments make up an almost continuously cover over the White Sea floor, but they are
missing on separate basement highs [11]. The sampled deposits primarily repre-
sented the latest glaciation—sedimentation cycle, i.e., the Ostashkovian moraine and
the late postglacial sediments [9, 12, 13].

The pilot mapping was supported by biostratigraphic studies based on palynological
(Ye. A. Spiridonova, L.V. Kalugina, N. A. Gey, et al.), diatom (R. N. Ginoridze), and
micropaleontological (Ye. A. Kirienko) determinations. In total, more than 43 columns
from various locations were studied. The results were described in many publications
[14-17]. The studies discovered deposits older than those of the latest glaciation—
sedimentation cycle. These deposits occur locally in small topographic lows on the
basement surface [18]. Such lows were found on the northern slope of the central
deepwater trough, north of the Solovets Islands.

In the eastern White Sea (the southern and southeastern parts of Dvina Bay and
the southeastern part of the Gorlo Strait), new data on Quaternary sediments were
obtained in 1981-1990 by the Novodvinsk expedition and the Moscow Geological
Exploration Institute. They first added offshore drilling to the geological survey, and
drilled a 10-m-thick member of clayey sands with shell remains, occurring in a sink
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on the bedrock seabed in the Gorlo Strait [18, 19]. The sand was subjected to the
thermic-luminescent analysis and dated back to the Mikulino (Eemian) interglacial
(110-160 kyr). These data agree with the materials of VSEGEI of 1975, according to
which a unit of gray soft silty clays was penetrated by drilling abeam the village of
Chapoma. The spore and pollen analysis (by Ye. A. Spiridonova) suggested that
clays were deposited in the interstadial of the Moscovian glaciation [15]. The Onega
Bay deposits were also subjected to palynological and paleomagnetic analyses and
dated back to the Middle Valdaian interstadial [2, 20].

Finally, in the late 1980s, a lithostratigraphic scale was supported by seismic-
acoustic and biostratigraphic data. The scale included (1) marine deposits of the
Mikulino interglacial, (2) lacustrine-marine (lacustrine-glacial) deposits of the Mid-
dle Valdaian interstadial, (3) the Late Valdaian moraine, (4) glacial-lacustrine and
glacial-marine sediments (from the Younger Dryas to the Boreal inclusive), and
(5) marine deposits (from the Atlantic to the Subatlantic) [11].

The survey data of VSEGEI and of the Novodvinsk expedition of Arkhangelsk-
geologiya made up a basis for geological maps at a scale of 1:1,000,000, quadran-
gles Q-35, Q-36, and Q-37 (new series) [21].

New Quaternary stratigraphic data were obtained during sedimentological studies in
the White Sea under the World Ocean research program supervised by Acad. A. P.
Lisitsin [22]. The peak of the sampling program, performed by the Professor Stockman
and the Academic Keldysh research vessels, was in 2003—-2007. In 20032006, MAGE
was engaged in a geological survey for updating the state geological map (scale
1:1,000,000) of the White Sea and adjacent land. Cartographic works with participation
of VSEGEI and Sevmorgeo were carried out in 2008-2011 [23-25].

3 White Sea Quaternary Deposits

3.1 Seismic Stratigraphy

Seismic-acoustic data play a decisive role in shaping the views on the White Sea
unconsolidated sediments. General stratigraphy is shown on the regional seismic-
geological section based on a seismic profiling by MAGE (Fig. 1). The almost entire
seafloor is covered by Quaternary deposits unconformably overlying the Archaean-
Proterozoic and Riphean basement. In the northern part of the White Sea Voronka,
the basement consists of Paleozoic sedimentary rocks belonging to a platform cover
of the Russian Plate (Fig. 2).

A thickness of the Quaternary deposits sharply changes from 0 to 200 m,
averaging to 30—-40 m [12, 26, 27]. The thickest Quaternary occurs in older incised
tectonic-erosional lows. The longest and deepest low runs along the southwestern
steep side of the Kandalaksha Graben. A base of the Quaternary was identified by
CMP at a depth of 480 m below sea level (b.s.l.) (Fig. 1). The Quaternary has its
maximum thickness of 200 m in the center of the basin. A high thickness (100 m and
more) is also known from the glacier ridges running along the southern coast of Kola
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Fig. 1 (continued) *RF; 4, seismic complex, corresponding to the Upper Riphean, Quaternary
deposits: mdI-I1I gravity deposits, Lower-Upper Pleistocene, gllipd glacial deposits of Upper
Pleistocene, Podporozhsky strata, gi/llos glacial deposits of Upper Pleistocene, Ostashkovsky strata,
gmlllos glacial-marine deposits of Upper Pleistocene, Ostashkovsky strata, mdIlI-H gravity
deposits, Upper Pleistocene—Holocene, mnH>~ marine nepheloid deposits of Middle and Upper
Holocene (Courtesy of MAGE, 2009)

Peninsula and clearly seen in Fig. 1. The least thickness Quaternary cover revealed
by seismic-acoustic profiling is on the plateau located north of the Solovets Islands
and in the Gorlo Strait.

The seismic-geological units are sedimentary units which are considered as the
stratigraphic units consisting of conformable sequences of genetically allied deposits
separated by base and top unconformities or corresponding conformable surfaces.
The stratigraphic units consist of genetically allied deposits accumulated during a
certain period. They may be considered as chronostratigraphic units providing an
ideal opportunity for stratigraphic analysis.

In the White Sea — a typical shelf basin — the Quaternary deposits often have a
spot occurrence in the internal sea areas and are not laterally continuous (Fig. 3).

At the same time, the seabed glacial, fluvial-glacial, and fluvial deposits demon-
strate a specific recorded wave field and compose the bodies with inherent geometry
which may guide geological and facies interpretation [1, 28, 29].

The oldest Pleistocene deposits fill two deep incised lows in the northwestern and
central parts of the White Sea. The both lows are confined to the tectonic zones
trending SE-N'W and deeply carved by two lobes of a glacier (Fig. 4).

The base of the unconsolidated sedimentary cover was identified by CMP at a
depth of 480 m b.s.l., and here the maximum thickness of the sediments reached
200 m. The seismic-acoustic profiling penetrated only the upper part of this unit and
produced an “irregular record” with scarce internal reflections. Such a record indi-
cates an unsorted fill of the lows. The detachment surfaces which mark a multistage
land sliding were also revealed by seismic-acoustic profiling (Fig. 5).

Unit SSUIII (Table 1) consists of the Mikulino marine deposits locally occurring
along the southeastern coast of Kola Peninsula and in the Gorlo Strait. The features
of the unit are extensive separated bright reflections. Near the mouth of the Varzuga
River, the deposits have a thickness of 10-15 m. In the southern Gorlo Strait, the
deposits are as thick as 7 m, as drilling data suggest [18]. The seismic-acoustic
records show that the Mikulino deposits are overlaid by glacial-marine and moraine
deposits. On the Zimniy Coast, at the mouth of the Ruchi River, the Mikulino deposits
are as thick as 70 m [24] (Fig. 6).

Unit SSUII, the second seismic-stratigraphic unit, is widely developed in the White
Sea. It consists of glacial deposits of various types that were mapped by VSEGEI
together with Lomonosov Moscow University [11, 23]. On a seismogram, the glacial
deposits produce chaotic reflections, occasionally with variously oriented layering,
tile-like wave patterns, and diffraction axes (Fig. 7).
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Fig. 3 Spot occurrence of marine deposits on the erosional surface of glacial deposits (Courtesy of
MAGE). Conventions: RF,_; Middle-Upper Riphean deposits; quaternary deposits: milImk marine
Upper Pleistocene (Mikulin) sediments, mnH marine nepheloid deposits of Holocene

Kandalaksha

Fig. 4 Isolines of the base of the Quaternary in the White Sea. After V. A. Zhuravlyov (State. . ., 2012a)

Subunit SSUIla consists of the oldest glacial deposits occurring in a short and wide
low, which is incised into the basement to 120 m. This low is located in the north-
central part of the Kandalaksha Graben (Fig. 1). The seismic-acoustic record suggests
that here we see the lowest glacial sequence. The overlying glacial deposits were
eroded, and a younger moraine, fluvial-glacial, and marine sediments lay directly upon
the lower glacial strata. This subunit is the lowest glacial deposit of the Podporozhye
(Early Valdaian) phase of glaciation.

Subunit SSUIIb is widely known from the entire White Sea. It consists of a main
ablation moraine that lies as a drape over older deposits (Fig. 1) but occasionally may
build hummocks (Figs. 4 and 7). In Kandalaksha Bay, the maximum thickness of the
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Fig.5 A seismogram from the southern part of Kandalaksha Bay (Oleny Island). The red dashed line
depicts a fault, and the green one is a landslide detachment surface. Conventions: RF,_3 seismic com-
plex, corresponding to the Middle-Upper Riphean, RF; seismic complex, corresponding to the Upper
Riphean; quaternary deposits: mdI-1II gravity deposits, Lower-Upper Pleistocene, mdIIl-H gravity
deposits, Upper Pleistocene—Holocene, mnH marine nepheloid deposits Holocene (Courtesy of
MAGE)

Table 1 Scheme of comparison of seismostratigraphic and stratigraphic units

Indexes
SSuU Stratigraphic subdivisions that are part of this SSU
Epoch/Age | Horizon SSUI
Holocene Upper mnH, mnH? 3 mdl- | mvH? s
Middle mH, I-H, |mfH’
Lower mpH, ! mfll-
amH I-H
Pleistocene | Ostashkovsky SSUIV | SSUIl | SSUIIb, | mdl- | glllos, mfTIl
Graghdansky SSUIle  [III(?) |flIos,
1glllos,
gmlllos
Podporoghsky SSUIIa glllpd
Mikulinsky SSUII mllImk
Babushkinsky
Oksky

? the existing uncertainty in determining the age without drilling data

subunit (120 m) was recorded in the two-layered terminal moraine near the Ostrye
Ludy Islands. The main moraine has a spot occurrence in the central part of the basin,
where glacial exaration reached its maximum, but it exists also in Onega Bay, where
its thickness increases. Here, the moraine lies on bedrock, fills deep paleo-valleys,
and flattens the erosional-tectonic topography of the older seafloor.
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ms

Fig. 6 Relationships of seismic-stratigraphic units and subunits SSUIII (mllImk), SSUIIb (gillos),
SSUII (mglllos), and SSUI (mnH) in the northern White Sea. Bedrock: RF,_; seismic complex,
corresponding to the Middle-Upper Riphean, RF; seismic complex, corresponding to the Upper
Riphean, V Vendian deposits. Part of seismic profile AR-3 (Courtesy of Sevmorgeo and MAGE)

swW NE
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Basement of Quaternary deposits

Fig. 7 An intricate combination of glacial and supraglacial deposits in a glacier-marginal moraine
on the southern coast of Kola Peninsula. Conventions: RF>_; seismic complex, corresponding to the
Middle-Upper Riphean, RF; seismic complex, corresponding to the Upper Riphean, Quaternary
deposits: SSUIII marine Upper Pleistocene (Mikulin) sediments, SSU/ID till, Ostashkovsky horizon,
SSUlla till + fluvioglacial deposits, Ostashkovsky horizon, SSUIb marine-glacial deposits, Lower
Holocene, SSUIa marine nepheloid deposits Holocene

Thick, occasionally multilayered, moraines, submarine landslides, and gravity
deposits occur along the steep southwestern side of the Kandalaksha Graben.
Glacier-marginal moraines make up two ridges and trend from Kola Peninsula
along the Terskiy Coast between the mouth of the Olenitsa River and the Gorlo
Strait (Figs. 3 and 7). The thickness of glacial deposits in those ridges reaches 60 m.
Moraine formations in the Gorlo Strait are largely eroded and are oriented along the
sea current; they may represent glacier-marginal ridges. In the White Sea Voronka,
the moraine lies on the erosional bedrock surface. Under the impact of tidal currents,
the moraine transfers into ridges of the NNW-SSE trend. A thickness of glacial
deposits occasionally reaches 50 m and averages to approx. 20 m. The largest ridges
extend off the shore to Morzhovets Island.

Subunit SSUIIc consists of convex bodies leaning against the steep side of the
Kandalaksha graben and existing in the Great Salma Strait. The chaotic seismic-
acoustic record occasionally shows long reflections as an evidence of the multiphase
deposition. These are also submarine gravity deposits of the Late Pleistocene—
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Fig. 8 A composite land slide consisting of a series of slid slabs of glacial deposits. Seismic-
acoustic line 200606-1. Conventional symbols see Fig. 1 (Courtesy of MAGE)

Holocene consisting of imbricate series of glacial and interglacial deposits, the
formation of which is associated with younger geodynamic movements (Fig. 8).

The recent seismic-acoustic studies have shown that the role of submarine gravity
deposits is underestimated. Thus, the subsea slopes of the Velikaya Salma Strait
between Velikiy Island and the mainland have a steplike profile. The water depth
here ranges from 0 to 120 m. The steps are 100-120 m wide and 20 m (occasionally
30 m) high. A lack of depth correlation, sharp angular unconformities, transition
from layered to diffuser structures, and, finally, occasional fine corrugated folding at
the base of the steps indicate a gravitational origin (Fig. 9).

In the Velikaya Salma Strait, it is clearly seen that these landslide bodies are closely
related to a blocky structure of primary slopes. Shaping of the blocks presumably took
place in the Holocene time, and it was associated with glacial isostatic and tectonic rise
of shores.

More information on the landslide zones was obtained by a profilograph. It is
clearly seen from geo-echograms that all flat steps have a thick (up to 10 m and more)
layer of postglacial (mostly Holocene) sediments. The features of sediments suggest
that they were deposited after the shaping and flattening of the step surfaces and
presumably originated from a turbid suspension agitated by land sliding. Actually, in
the lowest part of the trough, there is practically no Holocene sediments, and the
seabed is underlain by older rugged sediments. Thus, the seabed in the foothill areas of
the basin is almost entirely underlain by submarine gravity sediments, and a genesis of
so large landslide masses is closely related to Holocene tectonic movements.

The Quaternary is topped by the first (upper) seismic-stratigraphic unit (SSUI),
which consists of sedimentary bodies divided by an angular unconformity from
older formations and characterized by a layered transparent wavefield record with
rare reflectors. The deposits form a wide range of the late glacial and postglacial
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Fig. 9 Landslide gravitational steps in the Velikaya Salma Strait. The red dashed line is a tectonic
fault. Conventions: mdlll-H gravity deposits, Upper Pleistocene—Holocene, mnH marine nepheloid
deposits Holocene

buildups of glacial-lacustrine, glacial-marine, fluvial-glacial, and marine origin. Their
age is Late Pleistocene—Holocene, i.e., they were deposited after deglaciation of the
terrain. The features of the record allow for recognition of several subunits in this
seismic-stratigraphic unit. They are as follows:

Subunit SSUIa has a seismic-acoustic record with bright reflections from nearly
flat discontinuous layers or ripples of geological bodies which are not homogeneous;
they often have inner unconformities indicating erosion. This is proved by pollen
analysis that showed mass redeposition of pollen [17] and a glacial-turbidite origin
of the layered Late Pleistocene sediments. These sediments occur almost every-
where. The contact of the SSUIa bodies with an underlying moraine is sharp and
clear, with distinct erosion. The upper boundary is not always clear, but it is usually
characterized by an angular unconformity. The subunit consists of several genetic
types: fluvial-glacial, lacustrine-glacial, and marine-glacial deposits accumulated,
mainly, in the end of the Ostashkovian time. In terms of their age, the sediments are
similar to those of SSUII (Table 1), and this makes the interpretation of seismic-
acoustic data ambiguous and shows a lack of geological information for reliable
seismogram interpretation (Fig. 10).

Subunit SSUID is seen on the seismic-acoustic record of the uppermost sedimentary
sequence. Occasionally it has a translucent wavefield record, often without clear inter-
nal reflections — these are Holocene marine nepheloid sediments filling seabed lows
and sinks. The SSUIb in general composes a drape over older deposits (Figs. 6 and 11).
On a high-frequency acoustic record, marine sediments produce a transparent weakly
layered wavefield pattern, while the underlying glacial-marine and glacial-lacustrine
sediments have a distinctly layered pattern. Moreover, even at shallow depths in closed
bays, where the sediment accumulation is was quicker, rather large tracts of the seabed
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Fig. 10 Conformable occurrence of main seismic-stratigraphic units in the north of the White Sea.
The supraglacial sedimentary deposits are easily stratified. Conventional symbols see Fig. 6
(Courtesy of MAGE)

Fig. 11 Geo-echogram (high-resolution seismic-acoustic profiling) from Rugozero Guba Bay of
the White Sea. Distribution of Holocene marine deposits (a blue dashed line marks the base), glacial
and glacial-marine deposits (the base is marked by an intense black reflection)

are underlain by glacial-marine deposits topped with a thin layer of sand-pebble marine
perluvium.

A rugged seabed, often associated with higher velocity of the sea current in shallow
waters (<100 m), leads to a spotty occurrence of nepheloid marine deposits. So, these
deposits generally are missing on the moraine ridges, which run along the southern
coast of Kola Peninsula and make up the northern slope of the Kandalaksha Graben.
Here, the hummocky surface may indicate that the seabed is underlain by glacial-
marine sediments partly eroded during the transgressive-regressive Late Pleistocene—
Holocene history of the basin (Fig. 12).

The seismic-acoustic survey revealed two previously unknown facies of Holocene
marine sediments. The first facies include thick bodies of layered sediments in the rear
of glacier-marginal ridges in the southeastern Kola Peninsula and off the Onega
Peninsula coast (Figs. 1 and 7). On the seismic-acoustic record, they form translucent
lenticular wavefield patterns with unclear stratification and a (Fig. 13) progradational
sequence. A total thickness is higher than 15 m. The sediments were deposited either
within glacier ridges, or on their rear side, where the products of glacier melting
accumulated in ridge-dam pools.

In 1985, these sediments were mapped as a separate seismic facies of Quaternary
deposits [23]. The sediments are most clearly recognized on high-resolution seismic-
acoustic profiling among glacier-marginal formations occurring close to Zhizhigin
Island (Fig. 13). The local thick nepheloid sediments were deposited here by both
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Fig. 12 Geo-echogram from inner and outer slopes of the moraine ridge. In the rear of the ridge,
marine Holocene sediments (a blue dashed line marks the base) occur above 80 m b.s.l., and on a
seaward slope of the glacier ridge, Holocene silts occur below 140 m b.s.l. In the interval between
80 and 140 m, the seabed is underlain by glacial-marine and glacial deposits (a orange dashed line
marks the base glacial-marine deposits)
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Fig. 13 Thick late glacier and postglacier sediments in the vicinity of Zhizhigin Island. (1)
Holocene silts, (2) glacial, (3) Vendian platform cover, (4) Riphean. The arrow points to the zone
of abnormally thick Holocene silts.Yellow line is base of Quaternary deposits. Red line—base of
the sand-argillaceous deposits of Vendian age. Black line is fault (Courtesy of MAGE)

sediment influx from the shore and erosion of thick glacial-lacustrine clays deposited
on the periphery of glacier-marginal buildups at the early time of glacier melting.

Subunit SSUId is another subunit mapped at the transition from the Gorlo Strait to
the interior basin, i.e., in the zone of divergence and slowdown of sea currents [24].
In a seismogram, it is shaped like a convex body with a layered gentle-wavy struc-
ture. The lowest sediments fill and flatten the older topographic lows; their top was
eroded, crop out to the seabed, or overlain by a thin drape of nepheloid deposits. The
wedge-like profiles of the sedimentary bodies with gradual thinning out toward the
high sea are common. These deposits consist of fine materials transported through
the Gorlo Strait and forming the detrital cone composed of fine-grained sediments
(fan). Geophysical data of MAGE were proved by sampling performed by the Institute
of Oceanology and Sevmorgeo in 2005. In column 06/313 (6059), the sediments
consisted of light-gray soft-plastic clays with abundant very small lenticular stringers
of sand (Fig. 14).

Subunit SSCle consists of a special type of Holocene seabed sediments occurring
in the White Sea Voronka and the Gorlo Strait. On seismograms, the subunit looks
like a pattern of sand ridges, waves, and ripples and corresponds to wave and tidal
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Fig. 14 Subsea fan deposits at the exit from the Gorlo Strait (Courtesy of MAGE). 1—Sand ripples
in the zone of underwater currents, 2—progradation bedding in a sandy-silt fans. Blue line of the
base of a fanny deposits

Table 2 Dynamic seabed forms in the Gorlo Strait

Seabed form ‘ Height (m) | Length (m) | Width (m) | Crest shape
Longitudinal forms

Sand strip nl 500-1,000 |n1 Composed of mesoforms
Sand ribbon Same 200-300 Same Same

Sand stream Same n 100 5-10 Same
Transversal forms

Composite sand wave 4-10 200-300 500 Straight
Major asymmetrical 4-8 150-200 500 Straight
sand wave

Sand wave 2-6 50-180 200-400 Straight
Minor sand wave 1-3 50-150 100-200 Straight
Subsea dune 1-2 60-80 50-100 Crescent
Megaripple 1-2 30-70 200 Crescent
Microforms

Ripple 10.01-005  [0.1-02  [0.1-02 | Crescent

sediments of the Late Holocene. Quantitative parameters of these sediments and
their seabed forms are given in Table 2.

The dynamic seabed forms are associated with current velocity and abundance of
a clastic load. At a high current velocity, a seabed erosion prevails, and the seabed is
underlain by a sand-pebble perluvium protecting it from further destruction. With a
higher clastic load and current slowdown, longitudinal accumulative seabed forms,
such as sand strips, ribbons, and streams, began to form (Figs. 15 and 16).

The seismogram from the central part of the Gorlo Strait shows that here the
Quaternary cover is thin (often not more than 10 m). The seabed forms are large
ridge-shaped remnants with their surface sculptured by microridges. Thus, the use of a
multi-tool seismic-acoustic profiling made it possible not only to construct a strati-
graphic scale of the unconsolidated seabed sediments but to estimate their thickness
and identify seismic facies related to sedimentation environments.
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Fig. 15 Dynamic seabed forms in the Gorlo Strait: (1) sand ribbons, (2) sand waves >1 m high,
(3) sand waves <1 m high, (4) erosional seabed underlain by perluvium sand, (5) erosional seabed
underlain by a boulder-pebble material. The arrow indicates a trend of sand migration. Sonogram

e A A Rn M e

VGl T ks

[ IRRINT R
4 | i !} 14 J | jlf j ZJOJin

!

L]

Fig. 16 Types of seabed sand forms on sonograms (see Table 2 for explanations)
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3.2 Lithostratigraphy

The seismic-acoustic profiling of the 1970-1990s showed that unconsolidated
Quaternary deposits have their basal beds consisting of main, lateral, and ablation
moraines [11, 30]. In the 2000th, new seismic-acoustic tools established that the
sediments included interglacial and glacial deposits of various phases of the Late
Pleistocene glaciation (Fig. 3).

The Novodvinsk expedition drilled Middle-Late Pleistocene marine deposits,
which correspond to the European Eemian transgression and are analogs of the
Mikulino deposits discovered earlier by drilling in the Gorlo Strait near the mouth of
the Verkhnyaya Zolotitsa River [18]. The deposits are 10 m thick and consist of
clayey sands with abundant shell remains. The age of sands according to thermic-
luminescent analysis is 110-160 kyr [18, 19]. The stratigraphic position of these
sediments belongs to the lower Mikulino deposits cropping out at the shore cliffs of
the Zimniy Coast. Their thickness in individual lows may reach 100 m, but usually
does not exceed 10-30 m.

3.2.1 Late Pleistocene Deposits

In the Quaternary stratigraphic scale of Northwestern Russia, Late Pleistocene deposits
belong to the Valdaian (Wurm) suprahorizon. It includes the Podporozhye, Leningrad,
and Ostashkovian horizons (Old Wurm, Middle Wurm, and Late Wurm).

The oldest layers of these sediments belong to the Podporozhye and consist of
moraines and other deposits left by a continental ice sheet and mountain glaciers,
glacial-lacustrine and fluvial-glacial deposits [31]. On the shores of Kola Peninsula,
they include sediments of the glacial paragenetic series in the lower reaches of the
Chavanga, Kamenka, and Bolshaya Kumzhevaya rivers. In the opinion of F. A.
Kaplyanskaya and V. D. Tarnogradskiy [32], these strata may be attributed to the
Podporozhye glacial horizon, which is associated with the growth of the Kara glacier
in the Early Valdaian time (IKS 4). The recent data suggest that the Strelna sedi-
ments [33], widely known from the southern coast of Kola Bay, were also deposited
in the Early Valdaian time (IKS 5) [34]. The Late Pleistocene continental glaciation
lasted for a short time, which was deduced from the low thickness and limited occur-
rence of correlative deposits. On the White Sea floor, according to a seismic-acoustic
profiling, these sediments arbitrary include the lower unit of glacial deposits, separated
by an unconformity, and old glacial deposits found in Kandalaksha Bay, in the south-
west of Turiy Peninsula, and in deep lows incised into the Riphean basement (Fig. 1).

The Leningrad horizon, deposited during the Middle Valdaian interstadial on Kola
and Onega peninsulas, consists of lacustrine, lacustrine-fluvial, undivided lacustrine,
and palludal sediments. Reliable data on the Leningrad marine sediments are lacking.
The Podporozhye and Ostashkovian moraines are divided from each other by an
erosion unconformity, and no sediments are found between them. However, the col-
umns from Onega Bay show dense brown clays with an unclear almost horizontal
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banding, and these clays are overlain by a thin layer of Holocene clay sediments laying
on an erosional surface. A characteristic feature of these clays is a high content of
kaolinite, nowhere else found [20]. Palynological characteristics of the clays (by E. A.
Spiridonova, L. V. Kalugina) are in good agreement with palynological spectra hosted
by sandy clays’ deposits of the Leningrad interstadial deposits in the western coast of
Onega Peninsula [24]. The age is inferred from the paleomagnetic study of column
56-84, in which the Kargopol geomagnetic excursion was identified (3941 kyr)
[2]. However, the unclear geological position and unknown top and base prevent
from the final age decision.

3.2.2 Late Valdaian (Ostashkovian) Deposits

The Late Valdaian consists of continental ice sheet deposits and other sediments of the
glacial-lacustrine, fluvial-glacial, and glacial-marine genetic types. These deposits build
seabed forms in the White Sea, compose terminal glacier ridges of glacial lobes, and
infill most of small and medium lows on a bedrock and glacial surface.

The seismic-acoustic data suggest that the deposits of the main regularly layered
moraine occur in the basal part of the unconsolidated sequence (Figs. 1, 3, and 7).
The glacial deposits are as thick as 10-50 m. The deposits were penetrated by
vibration drilling in northern Kandalaksha Bay, where they consist of clayey sands
with abundant boulders and fragments of crystalline rocks. The glacial deposits are
very dense, have a specific cake-like structure, and host little of highly deformed
pollen. Similar characteristics were obtained by vibration drilling in 1974 [9].

Among the most noticeable seabed forms on the today’s White Sea floor, there
are lateral-moraine ridges. Most clear are the two ridges running along the Tersky
Coast (Figs. 2 and 7) of Kola Peninsula from the mouth of the Olenitsa River to the
Gorlo Strait. The ridges are as high as 60 m. The lateral moraine unit, according to
the seismic-acoustic profiling, occurs along the Zimniy Coast in Dvina Bay and near
the northwestern cape of Onega Peninsula. The ridges are asymmetric with steep
northern and gentler southern slopes. Inside the moraines, there are long reflectors
that may be stratigraphic boundaries. Their age is deduced from the stratigraphic
position, relations with the glacier-marginal units on land, and the age of overlying
deposits. Sampling shows that the moraines consist of clayey sands and sandy clays
with abundant fragments of crystalline rocks. They have a high density (up to 2.3 g/cm”)
and a cake-like structure.

The fluvial-glacial deposits were identified in several boreholes drilled by the
Novodvinsk expedition in the 1990s off the Zimniy Coast. They consist of sand,
medium, occasionally loamy, gray with a brownish hue, hosting gravel and pebbles
(up to 40%) of crystalline rocks.

In the White Sea, the glacial-lacustrine sediments were found only in Onega Bay,
where they were confined to the unit of glacier-marginal deposits of the Neva age.
They consist of typical banded clays, which grade upward to monotonous brown
clays. E. A. Spiridonova and N. A. Gey extracted from laminated clays a palyno-
logical spectrum dominated by birch pollen of both woody and shrub species; the
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Fig. 17 Sand-pebble
perluvial deposits of
Kandalaksha Bay at a water
depth of 3040 m. Sand
grains are characteristically
brown because of
ferruginous coatings and
manganese-ferruginous rims
around clasts of crystalline
rocks. A thickness is 20 cm

herbaceous pollen is dominated by Artemisia. The sediments are arbitrary attributed
to the Okhta interstadial (13—14 kyr) [20]. The age of the clays also refers to the
Goteborg paleomagnetic excursion dated back to 12—-14 kyr [2].

The glacial-marine deposits widely occur on the White Sea shelf. They compose a
continuous drape over the preglacial formations and, at a depth more than 50-60 m,
are overlain by Holocene sediments. At a depth less than 50-60 m, they crop out to
the seafloor. In the high sea, they are only covered by thin (50 cm or less) perluvium
(Fig. 17).

Glacial-lacustrine sediments occur in Onega Bay; they consist of clayey sands
resting upon the moraine and grading upward to brown dense banded clays. North of
the Solovets Islands, the sediments consist of monotonous ash-gray sandy clays
laterally grading into laminated clays and silts with a small admixture of gravel and
pebbles. All studied profiles have a transgressive type with an upward grading of
layered clays into homogenous clays with a low sand and silt content. In the northern
White Sea, near the Kola Bay coast, glacial-lacustrine deposits consist of laminated
clays and clayey silts of brownish-gray color; near the Varzuga River mouth, they
grade into brown fine-elutriated clays, and toward the Gorlo Strait, they grade into
brownish-gray laminated clays with minor sand and gravel.

Biostratigraphic dividing is mainly based on pollen determinations. In the north-
ern White Sea, E. A. Spiridonova found sediments of the Allergd oscillation and
Younger Dryas interstadials [14]. The top of these sediments is metachronous — in
the Gorlo Strait, the accumulation of brownish-gray clays ceased in the Late Allergd
oscillation, while deposition of their glacier-marginal analogs in the east continued
until the end of the Younger Dryas.

In Onega Bay, the age of glacial-marine sediments also was defined as the Allergd
oscillation — Younger Dryas. According to R. N. Dzhinoridze, the Allergd oscillation
deposits host a rather poor community of freshwater diatoms Aulacoseira ambigua,
Stephanodiscus dubius var. arcticus, and other species, and this points to the lacustrine-
glacial environment. In the Younger Dryas, a sublittoral Arctic Boreal brackish water
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community of diatoms Coscinodiscus lacustris var. septentrionalis and Chaetoceros
holsaticus indicates a glacial-marine environment proved by E. A. Kirienko’s findings
of foraminifers Retroelphidium clavatum, Elphidium sp., Nonionellina labradorica,
Bucella frigida, and other species [15]. These species indicate that seawater began to
encroach Onega Bay in the Younger Dryas.

North of the Solovets Islands, in the basal gray-layered clays, the pollen spectrum
was dominated by herbaceous plants and spores of the Middle Dryas. The following
palynological spectrum, compared with that of the Allergd oscillation, was domi-
nated by pollen of woody species (60-70%), among which pines prevail, and pollen
of woody birches prevail over birch shrubs. Sediments of the Younger Dryas host
a small amount of organic remains such as sponge spicules and charred wood debris.
In the general composition of the pollen spectra, the leading role belongs to non-
wood species — herbaceous pollen and spores [17].

Holocene marine deposits are quite diverse, and the widest facies diversity was a
characteristic of the Early Holocene. In Kandalaksha Bay, these deposits occur only in
full sections making up thin members (not more than 0.5 m) of fine-elutriated brown
clays with small authigenic concretions of sulfides. In Onega Bay, these deposits consist
of homogeneous gray clays and silts, with occasional greenish hue, that grade into
unconsolidated water-saturated clays and silty clays with xenomorphic layer-bound
hydrotroilite concretions. The sediments host shells and shell debris of sea mollusks.
North of the Solovets Islands, Early Holocene marine nepheloids consist of brownish
liquid-plastic clays with xenomorphic concretions of hydrotroilite and organic matter.
A thickness of the Early Holocene deposits is 0.5-5 m.

Along the Kola Peninsula shoreline, these deposits consist of soft clays and silty
clays, brownish-gray, variegated, with spots of black organic matter and hydrotroilite.
These spots may include authigenic yellowish sulfides. The sediments are very fine-
grained and thus correspond to the maximum of the postglacial transgression. A thick-
ness of the sediments was established by high-resolution seismic-acoustic profiling as
5-8 m, i.e., the maximum in the White Sea. The age is determined by a palynological
spectrum that falls into two parts. The lower spectrum is dominated by tree pollen with
abundant pollen of Betula nana added with herbaceous pollen and spores. The upper
spectrum is dominated by spores (30-77%), among which Lycopodium prevail. The
pollen of woody and herbaceous plants is suppressed. This spectrum corresponds
to the Pre-Boreal and Boreal times [30]. In the sediments of the Pre-Boreal time,
brackish water, North Boreal, nearly littoral species of diatoms are ubiquitous, espe-
cially Hyalodiscus scoticus. Diatoms Thalassionema nitzschioides, Thalassiosira
gravida, and Porosira glacialis indicate a marine environment on the Solovets shelf
in the Pre-Boreal time [20]. A transit from the Pre-Boreal to Boreal is marked by the
development of a shallow-water Arctic-North Boreal diatom community.

In Onega Bay, a palynological spectrum from the described horizon was dominated
by pollen of trees. In the basal layers, the periglacial floral elements play a leading role,
but they gradually vanished upward, while pine pollen became more abundant. This
observation classifies the hosting sediments to the Holocene Pre-Boreal and Boreal
times [14]. The Early Holocene age was also confirmed by the paleomagnetic dating
of clays [2].
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The Middle and Late Holocene marine clastic and clastic-biogenic sediments occur
locally in lows of the glacial topography between Bolshoy Solovetsky and Anzer
islands. They consist of sandy and clayey silts with shells of marine mollusks abundant
in individual beds. These sediments differ from the lower Boreal ones by a rise of
CaCO; to 18%. According to L. V. Polyak, the lower beds are full of Astarte elliptica
and A. montagui, while the upper beds host Hiatella arctica. A general abundance of
shells decreased upward.

The oxygen isotopic analysis of shells and the Ca/Mg ratio determination show
that during the deposition of mollusk shells (7,500 years) the summer temperature of
surface waters was 1.5-2°C higher than today, then it dropped (6,500 years), and
after that it increased by 1°C [35]. According to palynological data collected south of
the Anzer Islands, the flowering period of mollusks was established to be in the
Atlantic time. This was confirmed by the '“C radiologic dating performed by the
Institute of Oceanology in 1974 (three ages between 7,600 and 6,200 years) [9] and
by the latest data obtained by the Belomorskaya expedition [36].

The diatom analysis showed that in the sediments of Atlantic age were dominated
by South Boreal marine diatoms (up to 18% of total), which indicate a stable
connection between the White and Barents seas.

This assumption is confirmed by the fact that concentration of dinoflagellate cysts
in Atlantic sediments reaches 500,000 pcs/g predominantly warmwater cosmopoli-
tan and Boreal pollen forms [37]. The subsequent pollen, diatom, and foraminifer
studies suggest that the overlying strata were deposited in the Subatlantic and Sub-
boreal times of the Holocene.

Middle-Late Holocene marine deposits top the Holocene sequence and cover
about 50% of the seabed. They are localized in depressions of the glacial topogra-
phy, owing to which their thickness is extremely variable from 1-2 to 10-12 m, with
an average of 5-6 m. In the high sea, the deposition starts from a depth of 50 to 60 m
and in bays from 5 to 10 m. The sediments consist of soft greenish-gray clays and
silty clays with a characteristic spotted appearance caused by black accumulations of
organic matter and hydrotroilite.

Marine nepheloid deposits conformably overlay the Early Holocene and compose a
transitional zone between glacial-marine and marine sediments. Coastward and on
shoals, the sequence of the Middle-Late Holocene sediments was reduced and included
sand layers. The topmost layers were enriched with sand and contain some gravel and
pebbles.

The upper horizon contains abundant pollen and diatoms and as scarce fragments
of small shells of marine mollusks. A palynological spectrum demonstrates the pre-
dominance of woody species, and the change of dominants distinguishes the Atlantic,
Subboreal, and Subatlantic times of the Holocene [9, 20]. In the reduced sections, the
full horizons with a specific palynological spectrum are missing due to the intermittent
sedimentation. Diatom species are mainly Arctic Boreal. Close to mouths of large
rivers, brackish and freshwater species appear [17].

Marine fluvial sediments occur locally in the eastern part of the delta, between
Mudyug Island and the coast, as well as in the Western and Eastern Solovets Salma
Straits, and in the Gorlo Strait (Figs. 15 and 16). The sediments were deposited by
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river and tidal currents. The seabed sediments consist of sands, medium and fine,
rarely silty when deposited in still waters.

Marine wave sediments occur along the Kola Peninsula coasts to a depth of 10 m;
near the mouths of the Varzuga, Chapoma, and Strelna rivers, they expand more
widely. Almost a continuous zone of wave deposits runs along the Onega Peninsula
coast and along the Zimniy Coast. The sediments consist of fine to medium well-
sorted pure sands with a high content of heavy minerals. The wave sands always
have a rippled surface. Their thickness by geophysical data is 10 m or less. On the
seaward side, the wave deposits have poor sorting, admixture of coarse materials,
and quartz and feldspar grains stained with iron hydroxides.

Alluvial-marine sediments occur mostly in the Severnaya Dvina delta. The pro-
delta consists of sands with interbeds of lagoon clayey silts. In the opinion of E. N.
Nevesskiy, the delta began to grow in the Boreal, then the shoreline changed its
position, and the delta continued its expansion in the Subatlantic [9]. Our studies
near Severodvinsk show that now the outer delta is subjected to an active destruction
which is caused by an anthropogenic impact to the environment leading to a reduced
sediment runoff and water shortage in the North Dvina River [38].

Drilling data show that on the islands the thickness of the alluvial-marine sedi-
ments exceeds 15 m; however, on bedrock highs it is only 1-3 m. A. P. Lisitsyn
considers that the sedimentation in the outer delta belongs to three facies zones: the
first zone is associated with a sharp slowdown of current velocity (a mechanical or
gravitational barrier), the second zone is governed by transformation of dissolved
substances into suspended matter and accumulation of heavy metals, and the third
zone is associated with hydrobiological processes with almost no mechanical sedi-
mentation [39]. The effectiveness of the barrier zone is so high that there is prac-
tically no pollution in Dvina Bay, while in the deltaic channels both the sediments
and waters are contaminated. Other rivers have almost no deltas (the Onega River
only has a small delta), and fluvial-marine sediments form mouth bars at places
where the flow velocity drops sharply.

Marine perluvium is one of the most common genetic types of marine sediments. It
covers the older formations everywhere. The perluvium occurs to the water depth of
50-60 m; however, a high-frequency profiling shows that it may occur at 100—150 m
b.s.l. (Fig. 13). The sediments consist of silty sand-gravel sediments with pebbles,
small boulders, and mollusk shell debris. The sediments have a sharp disparity of the
grain size vs. hydrodynamic activity, fractional composition, small thickness (from
10-20 cm to 0.5-1.0 m), sharp, often ferruginous contact with underlying bedrocks.
The deposits contain iron-manganese crusts and concretions, particularly at the exit
from the Gorlo Strait [40], which indicate a very low sedimentation rate.
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4 History of Geological Development of the White Sea Basin
in the Late Pleistocene—Holocene

These data clarify some issues of the Late Pleistocene—Holocene history of the White
Sea Basin, especially of the latest glacial sedimentation cycle. The basin itself is very
old, and its initiation was associated with the Riphean tectonic faults cutting the
sedimentary cover of the Russian Plate. At that time the Kandalaksha and Onega
grabens were formed and filled with clastic deposits. The today’s basin is thought to
be shaped at the Pliocene-Quaternary border. Later its outlines were considerably
modeled by the Scandinavian glacier, which repeatedly invaded the White Sea Basin
and, probably, filled it completely.

The oldest Mikulino deposits, which were drilled in the Gorlo Strait, proved the
conclusion that in the warm periods the White Sea Basin was a single or multiple
marine basin. At that time, the shoreline in the Arkhangelsk region was 100-110 m
higher, and in the Kola region, it was 60—150 m higher than today [24].

In the Leningrad time (the Valdaian interstadial), cold-water glacial desalinated
basins existed in Onega Bay and, probably, in Dvina Bay. It is important that glaciers
were advancing not only from the northwest but from other directions, as the mineral
assemblage of clays (the higher kaolinite content) suggested.

The most important and debatable issue is a character of the Quaternary glaciation
in both the White Sea and the Barents Sea. There are alternative visions not only of the
existence of glaciation but also about the specifics of its history. Most of the resear-
chers follow G. G. Matishov [41] and believe that the glaciation centers existed on the
today’s land, and the glaciers descended to the marine shelf from the Scandinavian
mountains. At the same time, the White Sea periodically ceased to exist as a water
body, and at the glaciation maximums, it was completely filled with ice.

Another point of view was first published by M. G. Grosswald and supported by
many, especially Norwegian, geologists [42, 43]. This point suggests the existence
of the Pan-Barents ice sheet, which was advancing on land, in particular, on Kola
Peninsula up to the Khibiny Mountains.

Integrated geological and geophysical studies based on a seismic-acoustic profil-
ing and sediment sampling facilitated building of a composite lithostratigraphic
column. It consists of glacial and glacial-lacustrine (continental), glacial-marine, and
marine deposits, which differ in physical, mechanical, structural, mineralogical, and
grain size properties.

Geomorphological aspects of the glaciation and, first of all, a spatial position of
the glacier-marginal ridges are clearly seen on seismograms (Figs. 1 and 3). They
facilitate the reconstruction of phases of the glacier retreat in the White Sea Basin. To
build this scale for the eastern part, between the White Sea and Chyosha Guba Bay,
we used VSEGEI land surveys of 2003-2005 (Fig. 18).

On Kola Peninsula and along the White Sea shores, the cold events were marked
in the glacier retreat process. During the active glacier growth, the general direction
of ice advancement was maintained, and different directions were governed by local
orographic features. By now, when the boundaries of phases and oscillations are
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Fig. 18 Boundaries of the Late Valdaian glaciers and of some Scandinavian glacier oscillations in
the White Sea Basin scale 1:5,000,000 (after L.R. Semyonova, A. Ye. Rybalko, V. A. Zhuravlyov)

known, their age seems to be a problematic in many cases. The boundaries of the
maximum expansion of the Scandinavian glacier, Neva and Salpausselka-I stages,
are established with a high degree of reliability (Fig. 18). The ages of other stages
recognized on Kola Peninsula and in the White Sea Basin are conventional, espe-
cially knowing that many glacier-marginal deposits belong to different phases. For a
long time, the ice-marginal units on the White Sea shores and their seismic-acoustic
analogs remained uncorrelated, and the glacial reconstructions were problematic.

Within its eastern sector, the Scandinavian glacier repeatedly interacted with the
glaciers advancing from the Novaya Zemlya Islands across the Pechora Sea, i.e.,
from the northeast. Before the Scandinavian glacier reached its maximum, the Novaya
Zemlya glacier probably reached the Gorlo Strait and even Kola Peninsula. Later, the
Scandinavian glacier overlapped the western edge of the Novaya Zemlya glacier, what
is clearly seen from the structure of the glacier-marginal units on Kanin Peninsula.
Later, after the retreat of the Scandinavian glacier, the ice again invaded from the
Chyosha Guba Bay direction and left its marginal deposits as the Konosha hills on the
western coast of Kanin Peninsula (Fig. 18).

The Late Pleistocene warm period dated from the graphs of climatic changes [44—
46] left no clear traces on Kola Peninsula. Probably, during this period, the thickness
of the Kuloy Ice Sheet in the Arkhangelsk region decreased. During the subseq-
uent Early Dryas cold event (the Luga stage) (14.7—-13.0 kyr), the two lobes of the
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Scandinavian Ice Sheet overlapped the Ponoy Ice Sheet and flowed around the most
elevated parts of the Kuloy glacier. On Kola Peninsula, the Keiva I ridge was formed
by this process. On the western coast of the White Sea, the glacier-marginal deposits
appeared on the Kuloy Plateau and in the Pinega valley.

During the Bolling warm interstadial (from 13.4-13.0 to 12.2-12.3 kyr) the
glacier degradation continued; the melting of the Ponoy and Kuloy small glaciers
could come to the end at that time. Note that in some locations the melting of dead
ice massifs took a long time — till the Holocene. At that time, glacial lakes already
existed within today’s Onega Bay.

The Middle Dryas cold event (from 12.2-12.3 to 11.8-12.0 kyr) caused a new
twofold advance of the ice (early and late substages of the Neva phase), but an unclear
expression of the glacier-marginal formations (including the Keiva II ridge) suggests
that the stabilization of the glacier edge at the coldest time was short. On Kola
Peninsula, in mouth of the Olenitsa River and west of it, the glacier-marginal
formations of the Neva stage were not differentiated. East of the Olenitsa River,
the glacier-marginal formations of the early sub-phase of the Neva phase built the
Keiva II ridge (south of the Keiva I ridge) and expanded to the shoreline. At that
time, large ridges of 60—80-m-thick glacial deposits could be formed in the White
Sea, between Voronov Cape and Morzhovets Island.

Along foots of the White Sea — Kuloy Plateau — in the Mezen valley and on Onega
Peninsula, the early sub-phase glacier boundary was traced based on the genetic types
of glacial deposits and the boundaries of glacier-dam lakes. The south ice boundary
crossed southern Onega Bay and terminated at the Zimniye Mountains. At that time,
most of Onega Peninsula was covered with reticulated ice.

The ice-marginal deposits of the late Neva sub-phase were distinguished by the
seismic-acoustic profiling. These are two oscillatory ridges, which extend to the mouth
of the Olenitsa River, where they pass into a N-S trending set of ridges, and then run
to the Lovozero tundra. A thickness of the glacial deposits in these ridges reaches
60-80 m. The ridges have an asymmetric profile with steep northern and gentle
southern slopes. There are long reflectors inside the ridges that may be boundaries
of the different age moraines.

At the same time, thick glacial deposits on the Solovets Islands were formed. The
southern boundary of the glacier of the late substage of the Neva stage crossed
southern Onega Bay (the Lyamyts glacier-marginal unit) and run along the eastern
shore of Dvina Bay. We also conventionally attribute to this sub-phase a set of
glacier ridges on Zhizhigin Island, where the deglaciation was very rapid and was
accompanied by the quick filling of inter-ridge lows with a 35-m-thick late glacial
and postglacial deposits.

The last major ice advance was in the Younger Dryas (from 11.3-11.2 to 10 kyr).
On Kola Peninsula, it has three stages: Salpausselkja I, II, and III. The Salpausselkja
I glacier ridges exist in the southwest of Kola Peninsula, in the White Sea, and in
Karelia. The ridges left by other stages are known only on land. In the north of Kola
Peninsula, the Tromsg-Lyngen ridge has the same history. In the White Sea, apart
from the main glacier-marginal Salpausselkja I deposits, two oscillatory ridges were
distinguished in Poroy Bay and on the northwestern Stolbovy Ludy Islands. Here a
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thickness of glacial deposits reaches 100 m. Evidently, radial glacier ridges in the
ice-gathering funnel of Kandalaksha Bay are also associated with this time. When
glacial ridges occurred on the crystalline basement (the today’s Kandalaksha skerries),
their thickness did not exceed a few tens of meters.

The principal novelty in this scale is the Novaya Zemlya glaciation (Late Valdaian),
which advanced right up to the White Sea Voronka. These data largely contradict the
negation of the Barents glaciation in the Late Valdaian time. However, the presence of
a young glacier moving from Chyosha Guba Bay in the southwest direction is known
from field observations on the Chyosha-Mezen watershed [21].

Recent data show that the penetration of the Barents Sea water to the White Sea
Basin began at the end of the Allergd oscillation. The development of a sea basin
near the Solovets Islands began in the Late Dryas. This opinion does not agree with
the idea of the Pan-Barents glacier existence till the beginning of the Holocene.

5 Conclusions

As a result of the geological mapping, new seismic-acoustic surveys of 2005-2006,
recent high-frequency multichannel survey, and sediment sampling under the World
Ocean program in 2004-2007, a map of Quaternary deposits was built at a scale of
1:1,000,000. This map shows not only the intricate occurrence of lithostratigraphic
units of the latest glaciation—sedimentation cycle, but it also shows buried landforms
and the role of neotectonic movements in the distribution of mapped units.

Here we first showed a wide occurrence of gravity deposits and their relations to
neotectonic movements. A complex combination of Quaternary units predetermines
an alternation of lithotypes of sediments. Based on the seismic profiling, the two new
Holocene lithofacies were discovered: they are nepheloid sediments deposited in a
ridge-dam environment and silt fans in the south Gorlo Strait.

The new data make it possible to detail the sedimentation process in the Holocene
and to determine the onset of marine sedimentation on Kola Peninsula, in Karelia,
and in the Arkhangelsk region. The main conclusion is the predominance of land
rise, at least within the Baltic crystalline shield, which implies to the White Sea the
features of a regressive basin. This is extremely important for predicting placers in
shoreface sediments of the White Sea. During the entire Holocene, these sediments
were washed with the gradual enrichment in heavy minerals, including commercial
ore minerals.

The latest seismic-acoustic surveys and multichannel high-frequency tools
expanded our knowledge of geological bodies and their stratigraphic positions in
the inner glacial basin. The new core sample dating added with geophysical data
allows for quantitative criteria for the Quaternary geological history.
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Abstract During an early diagenetic stage of sedimentation, a continuous exchange
between bottom water and pore solution happens. Throughout the diagenetic stage,
an oxygen, SO4°~, Ca**, and Mg** diffuse into pore solution from near-bottom
water, but the gases generated within sediments (CO,, NH;, H,S, CHy, etc.), and
other pore waters’ components (Fe**, Mn?*) are transferring from surface sediments
into near-bottom water. At the same time, as a result of some ions’ oversaturation, a
precipitation from pore water of a number of chemical compounds takes place
followed by formation of authigenic minerals. Their composition depends on
oxidation-reduction conditions within sediments. In oxidizing conditions (in upper
sediment layers), ferromanganese mineral associations, as well as glauconite, phos-
phates, etc., are formed. As the environment becomes reducible after loss of free
oxygen due to diagenetic processes, mainly, metal sulfides and carbonate minerals
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are formed. Such is an idealized scheme of transformation of seawater into pore
waters in a humid zone.

Keywords Arctic Ocean, Bacteria, Early diagenesis, Radioisotopes, Stable
isotopes, White Sea

1 Introduction

The White Sea was formed in the early Holocene approximately 11-12,000 years
ago, on the site of glacial lake. The composition of water mass of the sea was formed
due to mixture of fresh river waters and saline water inflowing from the Barents Sea.
River waters enter mainly in the shallow Dvina and Onega Bays. Respectively, a
number of biogeochemical processes proceeding in water column and in sediments
of the White Sea are influenced by composition of organic matter of river waters.
Other important feature of the White Sea ecosystem, the characteristic of all Arctic
seas, is the pronounced seasonality of all biogenic processes. The vastness of the
coastal zone of the White Sea, as well as the activity of the littoral, determines the
scale of the arrival and transformation of organic matter, the main agent of early
diagenetic processes in sediments. Another important feature of the Arctic seas is the
significant participation of terrigenous material, carried down from the land in the
composition of river suspension.

The podzolic soil weathering profile on the White Sea catchment facilitates the
entry of a large number of dissolved iron and manganese compounds with the river
runoff, which distinguishes the northern part of the humid zone from other climatic
zones [1, 2].

The White Sea is characterized by a complex system of currents; very significant
interannual, interseasonal, and even daytime variations in the chemical composition
of the water column; and content and composition of suspended particulate matter
(SPM), including organic matter (OM).

The diversity of spatial seasonal structure of the White Sea ecosystem explains an
absence of unified ideas about its trophicity [3]. Detailed characteristic of the
biogeochemical processes within the water column was given in the monograph [4].

2 Material and Methods

This chapter is based on research results of the biogeochemical processes at a stage
of early diagenesis of bottom sediments in polar regions on the example of the White
Sea. Materials were collected during cruises R/V “Ekolog” in 2014. Sampling
stations are shown in Fig. 1.

The study of processes of early diagenesis of sediments of the White Sea
includes a complex of various methods such as determination of total number of
microorganisms, rates of microbial biogeochemical processes with a tracer technique
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Fig. 1 Location of sampling stations in the White Sea, cruise of R/V “Ecolog,” 2014.
1, CTD + ADV probing; 2, complex stations; 3, collection of sediments by Neimisto tube;
4, sampling by a box corer; 5, buoy stations

(**C and *3S), as well as analysis of isotopic composition of carbon compounds in
suspended particulate matter (SPM) and in bottom sediments. Radioactive isotopes
of carbon in sediments of the White Sea have not been studied before our research.
The methods of sampling and preparation of samples for analysis, as well as methods
of analysis, were described in details in [5-7].

3 Results and Discussions

3.1 Characteristic of the White Sea Water Column

Estimates of primary production of a photosynthesis in the White Sea, which were
carried out in expeditions over 1999-2002, vary from 45 to 100 mg C m™ 2 day ' in
its open part, from 45 to 270 mg C m 2 day ' in the Dvina Bay, and from 50 to
360 mg C m % day ' in the open part of the Kandalaksha Bay. According to these
data, the White Sea belongs to mesotrophic reservoirs with intermediate level of
primary production [8].

The main C,,, form in water column of the Arctic seas is the dissolved carbon
(DOC). Distribution of dissolved C,,, concentrations in August 2006 and July 2003
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varied in dependence on values of primary production of the White Sea. In the
Dvina Bay, a slightly elevated mean values were detected in August 2006 (3.5-8.0
mg C 171) compared to that in the Basin (4.0-6.0 mg C 171) [9] (Fig. 2). The content
of particulate Cz (POC) in the White Sea ranged from 0.05 to 0.25 mg 1.

The presence of a methane in water column and finds of pyrite framboids in the
floating diatom tests prove the existence of the organic matter (OM) destruction
processes already at the stage of a sedimentation. In the mineralization of organic
matter in the water column of the White Sea, not only aerobic but also anaerobic
microorganisms take part. The number of microorganisms increases at the boundary
of the water-sediment. Low total number of microorganisms (TNM, 50-100 x 10°
cells ml~ ') was recorded in the western and central parts of the Basin. In the surface
water of the Basin for 5 years of measurements, TNM varied from 50 x 10% to
200 x 107 cells ml™" [6, 8].

The biogeochemical and microbiological characteristics of the surface water are
listed in Table 1.

Values of 8" C-Cyrg in the SPM varied in the surface layers of water column in
August 2006 (cruise 80 of R/V “Professor Shtokman”) from —29.3%o in the
Dvina Bay up to —28.6%o in the deepwater part of the White Sea, having remained
approximately the same isotope light in the near-bottom water 1 (—28.0 + —30.5%o).
In water layer above sediments collected with the Neimisto tube, content of B¢
isotope in SPM and values of 6]3C-COrg were within the limits of —27.3 + —28.4%o,
i.e., Cypg content of planktonic origin (8"3C pver. from —20 to —22%o) has decreased
(Table 2).

67°

65+

64°1

.'SIZ"' 'R:I" 3.{'0 38 40° E 42°

Fig. 2 Distribution of dissolved C,z (mg C 17" at different stations in the surface water layer of
the White Sea in August 2006 and in June 2003 (values in brackets)
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Table 1 Microbiological and biogeochemical parameters of the surface water layer in the White
Sea [8]

PB,
mkgC MO, 1073
PP, mgC m > TNM, 10° cell 1! CH,, nM

Depth,m |T,°C |day™' ml™! day™! nM 17" day™!
Basin, throat, and open part of the Kandalaksha Bay
54-30 ‘0'5_11 ‘45g5100 ‘ 150-750 ‘0.3&15 | L8-7.1 | L-g5
Dvinsky and Onega Bays
855 ‘ 4.5-15 ‘ 45-210 ‘ 150950 05-28 | 1819 | 36240
Kandalaksha Bay (nearshore)
4-23 ‘ 5.0-14 ‘ 50-360 ‘ 170-520 ‘ 0.5-35 | 1525 | 3.6-410

In the numerator, the limits of values; in the denominator, an average
PP primary production, TNM total number of microorganisms, PB production of bacterial plankton,
CH, concentration of methane, MO oxidation rate of methane

Table 2 The content of particulate C,,, and values of 613C—Corg in the particulate matter of the
surface water, near-bottom water (sampled by Rozette and Multicorer), and upper (0-15 cm)
sediment layer of the White Sea

Near-bottom Near-bottom water

Surface water water (Rozette (Multicorer Upper layer of

layer sampler)® sampler)® sediments
Station | Depth, | Corg, | 8"°C-Corgs | Corgs | 8 "C-Corgr | Corgs | 8°C-Corgs | Corgs | 8°C-Corgs
number| m % | %o % %0 % %0 % %0
6042 61 - —29.3 0.372| —29.0 1.272 | -27.7 1.646 | —26.6
6048 80 |0.488| —29.2 0.436| —28.0 1.900 | —27.7 1.784 | —25.8
6056 | 133 0.652| —28.6 0.188| —29.0 - —27.4 1.601 | —25.4
6058 300 |- —28.6 - —30.5 1.076 | —28.4 1.734 | —25.8
6066 |264 |- - - - 2.840 | —27.3 1.692 | —25.8

4Sampled at 3-5 m horizon above the bottom
"Sampled at 3—5 cm above the bottom

The total C,,, distribution in surface water over the three summer seasons (July
2006, August 2010, and July—August 2014) varied noticeably at stations located at
different depths (Fig. 3). It let us to conclude that influence of terrigenous runoff of
the Northern Dvina River was insignificant even over the main production period
(in summer) in the White Sea. In water column deeper than 15-60 m, the values of
particulate 613(3—C0rg decreased with depth, i.e., isotope composition was lightened,
which means a decrease in contribution of C,,, of a plankton origin in July—August
(Table 3).

At all the stations studied, low concentrations of methane of microbial origin
(1.8-25 nM) were detected in water samples. Methane was formed in the anaerobic
microniches inside slurry aggregates and was oxidized by activity of microorgan-
isms at a rate (1.8-410) x 107> nM dayil (Table 1).
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Depth, m

Fig.3 Particulate C,,, concentrations (% dry weight) in the surface water layer of the White Sea in
August 2003

The SPM of the White Sea is formed generally from the river suspended
particulate matter, aerosols, coastal abrasion (lithogenous source), as well as from
phytoplankton and a bacterial plankton (biogenic source). The SPM during different
seasons has different substantial, grain-size, and chemical composition, different
proportion of biogenic and lithogenous components, and different content and
composition of organic matter.

The first stage of the SPM transformation begins with the moment of its entering
to the marine environment. The SPM chemical composition changes resulted from
its partial dissolution, and proportion of fine-grained clay minerals changes also. The
SPM sinking to seabed is mainly composed of various aggregated fecal pellets,
“marine snow,” and others. On boundary of near-bottom water and bottom sedi-
ments, there is the second stage of the SPM transformation, at first into a fluffy layer
and then into sediments where process of a sedimentation comes to an end and
process of early diagenesis begins. The analysis of the available data on biogeo-
chemistry of water column leads to the following conclusions:

The White Sea is characterized by the complex system of currents; very essential
interannual, interseasonal, and even daytime variations of chemical composition of
water column; and contents and composition of the SPM and particulate organic
matter (POM). The water column of the White Sea is formed due to mixing with the
Barents Sea waters and the riverine inflow, whose bulk is composed of the Northern
Dvina River.

The average content of particulate C,,, was estimated as 27.25%, varying from
4.0 to 49%, while the highest concentrations of particulate C,,, were detected in the
surface water where active biogeochemical processes took place. In the near-bottom
water, an average particulate C,,, content was equal to 10.2%; it means that
throughout the water column, particulate C,,, decreased due to transformation of
organic compounds during biogeochemical processes.
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Table 3 Isotope composition of particulate C,, in water of the Dvina Bay (R/V “Ekolog” July—
August 2014)

Station number Sea depth, m Horizon, m 813Corg
1404, Rozette sampler 153 0 —23.15
10 —24.35
30 —27.77
50 —25.45
70 —24.36
150 —24.72
Neimisto tube sampler 153 —22.43
1408 53 0 —24.10
7 —24.25
20 —25.78
40 —25.87
49 —24.93
Neimisto tube sampler 53 —23.72
1413 83 0 —26.73
10 —24.38
22 —27.94
55 —26.10
80 —25.84
Neimisto tube sampler 83 —23.99
1422 105 0 —25.67
7 —24.88
15 —26.61
25 —26.28
45 —26.37
99 —26.63
Water —24.16
1423 110 0 —23.26
6 —23.11
15 —22.79
30 —27.44
60 —27.35
107 —24.85

3.2 Geochemical Barrier at the Water-Sediment Interface

The main transformation of energy and substance proceeds in a boundary zones of
the marine Basins. One of them is a geochemical barrier zone between the seawater
and sediments. Organic matter in sinking particles and anaerobic compounds enter-
ing from sediments serve as energy sources for biogeochemical processes at border
zone between near-bottom water and surface sediment layers [10, 11].
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In a vertical profile of this border zone, the following layers could be defined:
(1) a near-bottom water layer, 5-30 cm above seafloor; (2) a fluffy layer (with very
high turbidity) above the consolidated sediments, whose thickness varied from
decimal units to a few centimeters; and (3) a surface sediment layer (Figs. 4 and 5).

In near-bottom water samples, abundance of microorganisms and bacterial muci-
lage was so great (110-259) x 10° cells ml~" that their account was complicated.
Therefore, for some samples from fluffy layer and surface sediment layer, we have to
use a conditional value of ONM — more than 1 x 10° ml C 17", Along with increase
in ONM, rates of biogeochemical processes with participation of microorganisms
sharply increase in near-bottom water and in surface sediment layer. The integral
characteristic of these processes is a value of dark '*CO, assimilation which is
quantitatively determined with the use of NaH'*COs [12]. This value in the surface
sediment layer is three orders of magnitude higher than that in the water column
(Table 1).

While studying border zone water-sediments, we have revealed high rate of the
CO, assimilation that reached 170 pug C dm > day ' in a layer of 0.0-0.5 cm

i 5 TV

Fig. 4 A view of the water-
sediment interface in
Neimisto tube collected in
the Dvina Bay in August
2006. (1) 5-30 cm above the
bottom; (2) fluffy layer
enriched in particulate
matter above the sediment;
(3) surface layer of bottom
sediments
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Particulate matter

C.,- plankton, higher plants
1 C,,- bentos
SN NENS NSNS NSNS NENFNSNTINLNS
heterothrofs —_

— fluffy layer

= autothrofs
sediments

3

H,, H.S, CH,, CO,, NH,

Fig. 5 Scheme of the C,,, sources at the water-sediment contact zone

(Table 3). Besides, essential rates of a sulfate reduction, methane generation, and
methane consumption were determined experimentally that proved an input to
seafloor of reduced gasses such as H,S, CO,, and CH4 which are products of early
diagenetic transformation of organic matter. Therefore, in a boundary layer, not only
heterotrophic but autotrophic microbial processes of CO, assimilation and synthesis
of the “de novo” microbial biomass.

In near-bottom water, content of isotope '*C in particulate Corg increased. Enrich-
ment in isotope '*C of organic carbon in the surface sediment layer was more
expressed: for 2.0%o, on average. A mean value of 613C-C(,rg for 12 samples of
surface sediments was equal to —23.81%o (Table 4). The similar isotope composition
of C,,, was characteristic for the whole marine Holocene sediments [13]. The results
obtained showed that process of C,,, isotope weighting in sediments, compared to
that in particulate matter, is localized in a fluffy layer, i.e., at the water-sediment
interface.

An additional source of C,,, in sediments is a biomass of microorganisms formed
at the water-sediment boundary. The C,, of the newly formed biomass of microor-
ganisms is enriched in isotope *C (8 '*C varied from —20.0 to —22%o, on average)
that promoted a shift of the value (‘513(3-(30rg toward enrichment in heavy isotopes in
sediments. Calculation of the substantial isotopic balance equation has revealed that
from 26.6 to 50.5% of total C,,, in the surface (0.0-0.5 cm) sediments was produced
by microbial biomass, which was formed at the water-sediments interface (Table 4).
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A presence of microbial biomass in the surface layer of sediment is confirmed by
both increase in percentage of the C;,—C;7 homologues and existence of n-alkanes
with chain length of C;,—C;4 (Table 5).

The peculiar microbial filter which is formed at border water-sediments, on the
one hand, prevents from input of OM decomposition’s products from sediments
mass into near-bottom water, and, on the other hand, microbial filter reduces Cgo
input from water column during sedimentation. We have shown for the first time
experimentally that biogeochemical processes with the participation of microorgan-
isms tare responsible for transformation of particulate C,,, into sedimentary Co,g in
the initial stage of sedimentation.

3.3 Chemical Composition of the White Sea Modern
Sediments

From data of the X-ray fluorescent analysis (Table 6), the SiO, and Al,03 dominated
in sediments of the White Sea. In the Dvina Bay, these compounds were the main
part of aluminosilicates — clay minerals. Proportion of SiO, and Al,O3 let us to
account the Si/Al ratio to be equal to ~3.05. This value is similar to the Si/Al ratio in
the clay minerals assemblage of the Russian platform deposits, which are known to
be the main supplier of sedimentary material by the rivers inflowing the eastern part
of the White Sea. Toward the northwestern coast, a contribution of crystalline rock
deposits framing the Kandalaksha Bay increased. The Si/Al ratio considerably
exceeded 3.05 due to high content of silicon minerals, mostly quartz (Fig. 6).

Among sedimentary mineral components, the kaolinite, chlorite, montmorillon-
ite, quartz, albite, and potassium feldspars prevailed. Content of carbonate minerals
varied from trace quantities in sediments of the Dvina Bay up to 10.8% in sediments
of the western depression (Table 7). Authigenic minerals in the oxidized sediments
were presented by iron and manganese oxides, often X-ray amorphous.

The majority of carbonate minerals in the White Sea sediments resulted from
sedimentation processes; however, there were found also 2-3% of authigenic car-
bonates formed from carbonic acid. Our calculations showed that their origin was
associated with the organic matter’s decomposition (Table 8). Values of 813C—COrg
and percentage of terrigenous C,, in sediment cores of the White Sea are listed in
Table 9. As one can see, the terrigenous C,, input varied from 35 up to 100%.

Glendonites (“White Sea rogulki”) are an exotic authigenic carbonate minerals in
sediments of the White Sea. Their finds are characteristic for the Tersky Coast (area
of the Olenitsa River). Separate finds of glendonite are known in the Holocene
deposits of the Arctic Shelf. Recently glendonite was supposed to be a pseudomorph
of a calcite on the ikaite metastable authigenic mineral which was formed in marine
sediments at low temperatures, around freezing (up to —1°C). At temperature above
+6°C, crystals of the ikaite are destroyed and lose water, thereafter transferring into
“a calcite meal.” Glendonite serve as authigenic mineral — indicator of cold climate
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Table 6 Chemical composition of the sediments of the White Sea (from the X-ray fluorescence
analysis)

Horizon, Loss on
Station |cm SiO, | ALO; |Fe,O3 [ MgO |CaO |K,O |TiO, |MnO |ignition
6042 0-5 52.46 |15.18 |[8.08 356 |1.52 |{3.03 |086 |0.09 |11.7

5-10 53.89 [ 15.6 8.02 369 |1.53 |3.15 |0.89 |0.077 | 9.63

10-15 5328 |15.78 842 |3.6 1.53 |3.23 1093 |0.089 | 9.64
15-27 54.03 |15.7 772 |38 1.57 |3.15 |09 |0.081 | 9.55
4048 54.84 | 14.83 |7.93 391 | 1.58 (299 [0.82 |0.082 | 9.51
48-55 53.66 |15.67 |7.69 |4.17 |1.53 |3.08 |0.87 |0.083 | 9.74
6052 0-5 46.86 |13.6 |7.08 338 | 145 (277 |0.79 |6.14 |14.39
5-21 49.97 | 1432 |8.07 359 |1.44 |3.03 |08 2.63 |12.65
21-40 5043 |15.04 [8.60 |4.14 |1.36 |3.18 |0.85 [0.59 |11.97
40-50 49.39 | 15.06 |9.48 392 | 1.56 (320 (090 |1.49 |11.49
55-63 52.26 |14.94 |8.68 391 |1.44 |3.17 |0.82 |1.22 |10.62

6062 2-5 66.79 | 13.6 |3.99 3.03 |25 [244 (054 |0.065 | 3.53
10-21 71.35 |12.2  |3.21 246 |228 [2.03 |0.41 |0.046 | 2.48
6065 5-10 51.03 |14.24 |886 |3.67 |1.78 |2.94 |0.86 |0.64 |12.47

10-25 51.76 |14.79 |9.18 338 | 1.7 |3.09 [091 |042 |11.26
25-40 52.18 | 14.81 |8.74 376 |1.61 [3.07 |0.89 |035 |11.08
40-51 52.81 |14.72 |8.83 32 1.63 [3.05 |0.89 |0.38 |10.99
6066 5-10 45.76 |13.2 6.03 318 |1.38 [2.69 |0.76 |9.15 |143

10-20 49.33 |14.01 |7.76 394 |1.63 [291 (078 [295 |13.8

20-37 5227 | 14.6 8.34 364 142 |3.13 |0.82 |046 |11.82
32-52 52.84 |14.65 |8.82 374 | 1.39 |3.11 |0.82 |0.43 |10.73
52-62 51.32 | 14.67 |9.19 406 |1.44 |3.05 |[0.86 [0.54 |11.36

B 2 B N4 05 e [l

Fig. 6 Distribution of grain-size fractions in the White Sea surface (02 cm) sediments [17]. Frac-
tions: 1, sand; 2, silt mud (pelite 60%); 3, aleurite-pelite (pelite 45%); 4, aleurite-pelitic (pelite
60%); 5, pelitic silt (pelite 32%); 6, pelitic silt (pelite 94%); 7, pelitic (pelite ~100%)
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Table 9 Values of §'> C-C,r, and content of terrigenous C,, in sediment cores of the White Sea

Average,
Station Horizon, Number of 813C-C0,g, Terrigenous
number cm 613C-C0rg, % samples % Corg"s %
Dvina Bay
6042 0-80 —25.20 ... 6 —26.26 78
—26.54
80-190 —24.78 ... 5 —25.00 62
—25.58
190-290 —26.20 ... 2 —26.33 79
—26.46
290-460 —27.50 ... 9 —28.43 100
—29.36
6050 16 —24.06 1 —24.06 51
30 —23.76 1 —23.76 47
70 —25.6 1 —25.6 70
100-150 —235...-24.1 |2 —23.80 47
210-252 —23.69 ... 2 —23.83 48
—23.97
278-308 —26.12 ... 3 —26.33 79
—26.50
320-335 —27.15 1 —27.15 89
Basin
6058 0-55 —2533 ... 8 —26.15 77
—26.53
55-66 —23.17 ... 2 —25.76 72
—25.62
66-270 —22.35 ... 8 —22.89 36
—23.17
6066 0-65 —25.62 ... 6 —25.82 73
—26.00
65-112 —22.68 ... 3 —22.78 35
—22.85
112-130 —24.26 ... 2 —24.28 53
—24.31
130-160 —22095 ... 3 —2341 43
—23.95
160-242 —2441... 4 —24.19 56
—24.57
Solovki Islands
6062 0-25 —2493 ... 2 —25.04 53
—25.15
25-55 —25.20 1 —25.20 65
55-90 —25.61 1 —25.61 70
90-188 —26.52 1 —26.52 81.5

(continued)
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Table 9 (continued)

Average,
Station Horizon, Number of 5! 3C—Corg, Terrigenous
number cm 313 C-Corg, % samples % Corg"s %
188-200 —29.23 1 —29.23 100
200-250 —30.66 ... 3 —-30.79 100
—-30.91
330-338 —29.41 1 —29.41 100

“Calculation by the equation of material-isotope balance: A-100 = Bx + (100-x)C, where x, terrig-
enous C,, in the test samples; A, values of 613C—COrg of test samples; B, average value of 813C—COrg
removed from the land; C, average value of 613C—C0rg of White Sea phytoplankton

[14]. Ikaite particles, unlike glendonite, do not include terrigenous material. They are
formed at the surface or in the uppermost sediment layer. The isotopic composition
of carbonate carbon of the White Sea glendonites varied from —14 to —22.4%o, on
average, —16.65%o (7 samples) [14]. Similar values of 8'3C-CO, were characteristic
for diagenetic carbonates which have been formed due to microbial decomposition
of organic matter.

Distribution of the Mn occurrence forms is one of the indicators of early diage-
netic transformations in the White Sea sediments [1, 15-17]. Along the axial
transect, the content of MnO in the surface sediments varied from the hundredth
parts of percent up to 5.73% [17]. Formation of manganese (and ferromanganese)
micro-concretions in the surface sediments of the White Sea takes place at the first
stage of physical chemical equilibration of the watered sediments. These sediments
are enriched in the labile organic matter (OM) of phytoplankton genesis and
microbial biomass, along with the terrigenous OM.

At this stage, during the early diagenesis, free oxygen is exhausted almost
completely in pore water, and vigorous dissolution of Mn** (“manganese
respiration,” by Yudovich and Ketris [18]) starts, causing a rise of already
transformed Mn”* to the surface bottom sediments where Mn”* can partly diffuse
to near-bottom water. However, major part of Mn is fixed in the oxidized zone of
surface sediments in the authigenic mineral forms, giving to these sediments a black-
brown color and changing a grain-size distribution from pelitic to aleurite-pelitic
“with sandy admixtures” in shape of micro-concretions. Reduction of Mn** is
followed by a reduction of Fe**. The surface horizons of sediment core enriched
in Mn are underlain by sediments with higher content of Fe, according to a difference
of their redox potentials.

Appearance of authigenic sulfide minerals (hydrotroilite and pyrite) in sediments,
along with change of the Eh, testifies a change in oxidizing conditions on oxidation-
reduction and the reduction ones. Finds of hydrotroilite in the open part of the Dvina
Bay were detected already at the horizon of 3-8 cm. This horizon operates as a
transferring zone of Fe** reduction into Fe** comparing with the horizon of 2-3 cm
(Table 7). In the Basin sediments, the similar border of sharp transition of Fe** goes
down the horizon of 10-11 cm (St. 6056) and even below (up to 18 cm) in the
western depression (St. 6058).
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Thus, in the oxidized upper sediment layer (0-5-10 cm, St. 6056, 6058), the
ferric Fe®* prevailed, while reactive ferrous Fe?* is practically absent; however,
deeper 10 cm in sediments of the Basin, Fe?* prevailed which is mainly a part of
silicates (leptokhlorite) and FeS,,_; monosulfides (hydrotroilite). Amount of reduced
compounds (derivatives of microbial H,S in sediments) did not exceed 0.5%. In the
surface-oxidized sediments, sulfur speciation was presented by an elemental and
organic sulfur. Below oxidized zone, H,S derivatives were found in sediments,
mainly, in the form of the “hydrotroilite” (FeS,,_;) of diagenetic origin. These
black fine-grained crystals of pyrite (FeS,), were oxidized fast under air condition
and were detected as X-ray amorphous minerals. The first data on sulfur isotope
composition (S-SO,%7) of the ocean water (17.0%o) and pore water (1.8%o) from the
surface sediment horizon in the Ermolyevsky Bay of the White Sea were provided in
work [19]. The same work contains data on isotopic composition of SO,*~ in the
Great Salma (634S = 19.4%o0) water that is close to water of the open ocean.

Values of organic 8°*S in plants practically were very close to isotopic compo-
sition of sulfate ion (from 14.0 to 19.5%o) in both blooming plants and algae (red,
brown, green). The values of §**S included in OM of animals ranged from 13 to
14%o, since the biomass of animals was studied in places of significant inflow of
fresh water having values of 8**S—SO, around 13—15%o. Our long-term researches
of sulfur compounds in sediments of different marine Basins let us to reveal the
main regularities of the isotopic composition of oxidized S (SO4*~ of pore
waters) and reduced S (FeS,_;, FeS,, HS, Sy, Sciem) species in marine and ocean
sediments [20]. Beginning with the work [21], it is known that isotopic composition
of S-SO,*~ is enriched in heavy isotope **S down the core, while the reduced sulfur
species, on the contrary, have the negative values of 8>*S. Such a distribution of 5**S
values for S-SO4°~ and reduced S species is given for the White Sea sediments
[22]. Values of §>*S-reduced S species (FeS,_; and FeS,) varied from —18 to
—46%o. The difference in isotopic composition of S-SO,>~ and S-pyrite can reach
more than 70%o in the Holocene sediments, which is characteristic for processes with
very slow rates when microbial fractionation of sulfur isotopes was the maximal
ones, respectively.

It should be noted that the amount, composition, and distribution of the Mn- and
Fe-containing reduced sulfur compounds in sediments of the White Sea resemble a
distribution which we observed in the pelagic oceanic sediments where high degree
of a reduction was not reached due to low concentration of labile forms of organic
matter and its exhaust by reduction of Mn** and Fe’* in the surface layer. For
example, such situation happened in the Norwegian Sea at depths ~1,000 m nearby
the Haakon Mosbi mud volcano [23] and in the pelagic sediments of the Pacific
Ocean nearby the Marcus-Necker islands [24].

In case of the White Sea sedimentation, it is necessary to recognize that terrige-
nous OM whose amount is higher compared to hydrogenous OM is not a good
substratum for developing the anaerobic diagenetic processes.
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3.4 Methane in Sediments of the White Sea

Concentration of CH4 which is the second (after H,S) important diagenetic gas
generated in sediments, varied in the oxidized layer (0-1 cm) from 2.3 pl dm™>
(at 133 m depth, St. 6056) up to 3.5 in the oxidized layer (0—1 cm) pl dm 3 (at 300 m
depth, St. 6058). Concentration of CH, (7.98 pl dm ) was measured in the 01 cm
layer in an open part of the Dvina Bay (St. 6042). In shallow water in the Dvina Bay,
concentration of CHy varied from 6.4 to 12.5 pl dm3 (St. 6048, 6046, 6045).
Concentration of methane in the surface layer (0—1 cm) of all studied sediments
was as much as ten times higher than in near-bottom water. This fact is an evidence
of active methane diffusion caused by a concentration gradient from sediments into
water column. The highest methane concentrations were recorded in different sites
of the Kandalaksha Bay littoral (15,000-25,000 pl dm_3) [8, 25].

Thus, the irregular distribution of CH4 concentrations in the surface sediment
layers is probably caused first of all, by input of particulate C,,, that define physical
and chemical conditions in sediments of the White Sea. Down the core, CH4
concentration increased, which was noticed already at the 5 cm horizon and contin-
ued till the horizon of 200-250 cm. We have calculated the methane bulk amount
under 1 m? of seafloor throughout the 55 cm thickness of sediment core (collected by
Neimisto tube) for different parts of the White Sea [9]. The maximal CH, amount
(6.3 ml mfz) was calculated in deepwater sediments of the Basin where the most
sorted fine-grained sediments with high content of autochthonic C,, are located. At
given sedimentation rate in the White Sea, which varied from 0.1 to 0.17 mm/year
[26, 27], the methane pool over the surface 55 cm sediment core at the constant
sedimentation rate will be approximately 4 x 10° m® of CH, for the last 500 years.

3.5 Organic Matter in the White Sea Sediments: Content,
Distribution, Carbon Isotope Composition, n-Alkanes,
and Genesis

The study of organic matter of the White Sea sediments began in the first third of the
twentieth century [28]. The greatest contribution to dataset on the C,,, content and
its distribution in sediments was made by Nevessky with coauthors [1].

In our study, the main emphasis is placed on the organic matter’s genesis based
on results of the C,,, isotope analysis of suspended particulate matter (SPM) and
sediments. For the White Sea, we were the first who obtained these data. The
30 samples of surface sediments from the Basin, Kandalaksha Bay, and Dvina
Bay have been analyzed. The surface sediments (0—2 cm) from the open part of
the Dvina Bay contain C,,, on average, 1.65%, from the western depression of the
Basin and Kandalaksha Bay 2.0%, and from area nearby the Solovetsky Islands
0.65% (Fig. 7). Down the sediment core, the C,,, content decreased gradually that
testified a rather small C,,, consumption during oxidizing and reduction diagenetic
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Fig.7 Distribution of Cs (% dry weight) in the surface (0-2 cm) sediment layer of the White Sea

processes in the surface 50 cm sediment thickness studied: 0.5% in the Dvina Bay
and 0.05-0.65% in the Basin.

The major part of OM in the studied sediments is composed of insoluble
(residual) components of the mixed hydrogenous and terrigenous genesis which
relate, in accordance with Danushevskaya classification [29], to the II OM sediment
type. The terrigenous components of OM are presented of heavily mineralized
compounds of humus origin. According to Gorshkova [28], content of the humus
substances in the White Sea sediments can reach 48—-85%. The White Sea is
characterized by a mosaic distribution of the C,,, content, controlled primarily by
the complex hydrological regime and controlled by, as a rule, the grain-size com-
position of sediments. A maximal C,, content was found in pelitic silts of the central
part; in sands, a minimal; and in silty-pelitic, an intermediate ones.

The C/N ratio usually is used as an indicator of OM origin in SPM and sediments.
For hydrogenous OM, values of C/N < 7 and for terrigenous OM C/N > 7 are
characteristic [10]. The C/N ratios in deposits of the Dvina Bay were particularly
high (9.5, on average). In the Basin sediments, on the contrary, C/N values were
minimal, which proves a higher OM content of plankton genesis there. In
surface sediments sampled at 61 m depth in 2006 in the Dvina Bay, an average
value of §'°C-C,,, was 26.6%o (Table 8). While in 2010, a rather variable isotopic
composition of C,,, in the surface sediments of the Dvina Bay was recorded: from
—27.4%o at 12 m depth to —20.9% at a 82 m depth.
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It should be noticed that the 613C—C(,rg values less than —18 +— —22%o testify, as a
rule, a presence in sediments of terrigenous OM that was supplied from the land or as
a result of coastal abrasion. So, in the studied samples from the Dvina Bay at the
water depths of 12 m and 26 m, there was mainly terrigenous OM (Table 3). On the
contrary, in sediments at St. 5 and St. 63 at depths of 82 and 48 m,
respectively, because of hydrologic features and seafloor’s morphology, there
was practically no terrigenous OM that was reflected in isotopic composition of
Corg (8"°C-Corg = —21.5 =+ —20.9%0). So, at most stations in the Dvina Bay,
according to isotopic data, a participation of allochthonous (or hydrogenous) sedi-
mentary matter, with an average value of SBC—COrg = —23.83%o0, was recorded. The
sediment age at the 0-5 cm horizon by *'°Pb distribution [27] varied from 12 years at
shallow stations to 50 years at depths of 50-100 m. Over this time, the OM of mixed
origin has been accumulated at the bottom of the Dvina Bay; at one site there was a
dominance of autochthonic (hydrogenous) OM while in others of allochthonous
(hydrogenous) OM. Sediments of the whole White Sea contain up to 78-80% of
terrigenous organic matter presented by carbon compounds that are heavily assim-
ilated by microorganisms [10, 11, 13].

In surface sediments nearby the Basin and Kandalaksha Bay, isotopic composi-
tion of Cop (8'°C-Cop) varied in narrow limits: from —24.45 to —25.81%o,
—24.91%o on average for 11 samples (Table 8). That is an evidence of presence in
sediments of C,,, having both a terrestrial and marine origin. A calculation of
terrigenous C,,, contribution based on equation of material-isotope balance
(Table 8) also corresponds to results of stratigraphic analysis of sedimentary thick-
ness (Fig. 8), beginning with freshwater deposits of the Allered and ending with the
modern ones of marine stage [13].

A contribution of OM having plankton genesis to surface sediments could be
estimated from short-chain (C;,—C,;) n-alkanes’ contents. Maximal content of these
n-alkanes which characterizes a plankton genesis was detected in deepwater sedi-
ments of the Basin (69% of n-alkanes in sum) [30]. The least quantity of n-alkanes
that corresponds to terrigenous origin was revealed in surface sediments of the Dvina
Bay; similar data were obtained by other methods.

As soon as microorganisms are the main agents of diagenetic processes, the
activity of microorganisms is hampered in sediments of the White Sea due to the
high content of terrigenous OM. Thus, it was assumed a priori that the rates of
diagenetic processes should be lower than those in other seas of the humid zone.

3.6 Chemical Composition of Pore Waters

Pore waters proved a valuable information on scales and direction of biogeochemical
processes in bottom sediments. We studied pore waters of the upper 40-50 cm of
sediments which were collected in the Dvina Bay, in the Basin, and in the western
deepwater depression of the White Sea nearby the Kandalaksha Bay (Fig. 9). A
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Fig. 8 Distribution of the 613C—COrg values in the White Sea Holocene sediments over the climatic
periods (from the core bottom upward). Late glacial: Al, Allred; Dr., Upper Driassic. Postglacial:
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chemical composition of near-bottom water from bathometers and water from
Neimisto tube from water-sediment contact zone was also analyzed (Table 10).

Along the axial transect from south-east to north-west, a salinity of near-bottom
and pore waters increases, which was traced by change in Cl-ion concentration from
440 mM in the Dvina Bay up to 472 mM in the western depression of the White Sea.
Thus an existence of two main sources of water of the White Sea is confirmed — a
fresh input from the continent and saline water inflowing from the Barents Sea. For a
reference Eh point of the Barents Sea near-bottom water, a value Eh = 445 mV could
be taken. This water contains 27.0 mM of SO42_, and a value of water alkalinity
(AIK) varies from 2.1 to 2.2 mg eqv 17"

Near-bottom waters in the Dvina Bay considerably differ from that of the Barents
Sea in less concentration of SO,>~ ion (24.6 <+ 25.7 mM), while Alk values
(2.03 mg eqv 17") are similar (Table 10). In sulfate ion’s distribution in near-
bottom water, a small increase in concentration of SO4*~ ion was detected along
the transect from the shallow station 1408 (24.6 mM) to the deepwater station 1404
(25.1 mM).

Values of pH in pore water, by results of potential metric measurements, were
characterized by decreased pH (6.8-7.8) and Eh (up to —90 mV) values in compar-
ison with near-bottom waters where pH = 7.5-8.3 and Eh = 225 + 470 mV.
Decrease of Eh values is caused by diagenetic processes of OM destruction, as



A. Yu. Lein and A. P. Lisitsyn

190

9rgoxd Arejuowpas [eo1dA) Bag AYAN oY) Ul s1jem a1od o jo uonisodwod [eorway) ¢ “S1g

v
D
il
=
0z 5
[]
/
v l/l. ! 3
.IJI»KI}]. v0. 20 0 08 82 92
, , N vz ze
90'0 _“,wsm ' 200 S_s HN-N Wn*.'0s
FINCINE ] 1
500 »0'0 £0'0 200 100 O ,7 AINba B v__<
WW'd ,
9909 1S
09
o g
(O]
e]
=
_
0T ~
o]
~ 3
/
E. ¢
0 90 ¥0 20 0 62 12 S¢ €2 l¢
zL oL 8 Ty W-0S
.7 Ainba Buu 5<
8609 1S

0w

)
0]
=1
LU|
nwo
3

N S 0

[, U A 90 0 No. 0 82 9z v¢ 22 0z 8
9'0 S0 ¥0 €0 20 L0 0 W "HN-N K AW ,OS
WS O] |24
~ >_:Uw Bwy
9.0 ¥1'0 2L'0 OL'0 wooooovoo Nco 0
W .
nwd 9509 '1S

lw)
9
Sw
Q
-3

[

H R 0

or'c  0Z'0 0 : ¥0 20 0 3 L e e
H Wy vZ 2z 0cC
WIS —y WHNN 557 wnweos
¥0'0 200 0 .1 Ainba Bus Y|
AW'd .
2¢s09 1S
"'y
o]
o
=
-
O
3
v'0 0z'0 Z0 0 sz €2
AW'IS gc 0 WATHNN T 2 _>_s__.0m
WW'd .71 AInba Bw M|y

¢v09 '1S



191

Processes of Early Diagenesis in the Arctic Seas (on the Example of the. . .

(ponunuoo)

ove'l | LY'09T|  60€0 §c0'0 or's 00°'1¢ L - £9-¢¢
86C°1 67y - I18C°0| 000 009 ¥9°1¢ 6L9 - 0s—0¥
8811 sy | oresl cleo 8¢0°0 e cL'ee L8'S - 0y—1¢c wogl
1191 Sty -|  ¥Ce0 I¥0°0 ¢ SI'ee 6Lv - 1¢=¢ VI8 11.8¢
620'C 8Ly £€9'1¢C 1150 6000, 0IT0 00vC (7 - 0 S0T'LT.59 Aeg euirQ
- 894 LLS |  TT00 1000 | 100°0> 00°1¢ SI'e - 1oem NL
wonog 7509
- - €6°S8Y - - - - - 8601 09105+
- - SL'TI9 - - - - - £eor 00¥-06¢
- - 9tecL - - - - - vy 0re-0¢€¢e
- = | 8L€00°T - - - - - 0Les 06C-08¢C
orl yey|  00€ly|  €ce0| 100°0> 00C°0 98'1¢ 86°¢ y1'es 0cc-0Ic
€Tl 8Sy | 8SISS 8LC°0| 100°0> §TTo y1ee Lce 00°19 091061
- - 16°1S€ - - - - - - S6-06
Ak [4%% IT8ce| cTvc0o| 1000> IS1°0 LS'€T LT - GG—¢S
SLI'T | OLL9Y |  8CTO| 100°0> €Iro 8C'ST €0'C LE'S9 SS—8¥
L8T'1 ISy | €81ce| 06T0| <000 6L1I°0 05°S¢ 00C - 80
- - 09°1v¢ [1¥°0 1100 1200 ¥9°S¢ 0¢ - [45mti%
- —|  LI'SLE| 0I€0 €100 890°0 g'lc 0¢ SY'19 LTSI
99’1 - L¥9SE| 96T0 L00°0 - 9¢'1¢ 0¢ 0979 S1-01
- - s80¢ge - —| T00 - - - 0l-¢
- oyy| secie| ¥se€0| 920°0| 1000> 8'1¢C ore 9899 < 2100 Aj1ARID
- - 06CI¢ - - - - - - 1 w9
- -  LS'IEC - - - - - 6918 -0 186°CC.6€
- - 107291 - - - - - - 1'0-0 9¥69°6S.+9 Aed eUIA(
- - 689 - - - - - - Iojem NL
wonog w09
900€ .. UBU OIS 108S3J01d,, A/ 08
% | WWD c W | NWIS | NW g | AW N w | | _nbs % | wo ‘uozLOH ydep
Siony WH ¢ oS Sw ‘Kypruny ‘g ‘N S9IeUIpIoOd ‘Ioquinu uone)s
‘HO AV

SJUWIIPAS BAS AMYAL oY) Jo uonisodwod [eorway) Of qeL



A. Yu. Lein and A. P. Lisitsyn

192

- | LE9TI'T €er’o €0 9%9°0 LS8 0sel 9Y'6S -
- —| 80°6Z€T Pre0 Pre0 S9L0 6961 osel 1819 -
- —| L¥'e88 01¢o ¢l00 969°0 €8°0C| 067l €0°L9 092-0¢€C
- -  0SV0L - - - - - - 081-091
- - €9'1L9 - - - - - €6'0L 0CI-011
- - €T'€T9 - - - - - - 001-06
- - O¥e6LS 00¥°0 1000 | 0S80 §6'0C| 050l 61 vL SS—Svy
- - 8Y9¢ - - - - - £€6°CL Se-0¢
8¥S'1 - -| 6T¥r0 00 10v°0 9681 o - 96-¢¢
Tec'l - - L8E0 6200 eve’o SL'8I 1’9 - 6¢-1¢C
L9S1 - —-| 9I¢0 §e0’0 8840 98°0¢ 81°C 09°0L 869 2100 Ay1AeID
L6S'1 Ly | 89'ILT 0LE0 6£0°0 LOE°0 or'1c IeL - 9Y—9¢ wooe
6£0C - 08%SI 14840 6100 6200 6CCC 99¢C L9708 191 190'70.9¢
- - - 1€0°0 | 100°0>| 100°0> 6C'CC 0c'e - 91-L 651,59
- LSY - - - - - - - 9-0 uiseq
- - oLy L9070 1000 | 100°0> 0s°ce €CT - oM NL
wonog 8509
- - 80°L99 8650 691°0 Lo el 00°¢l 9¢°09 081-0LI
- —| 098¢ 6190 8S1°0 SL90 19°81 0sCI 6909 SyI-0vl1
- LY | vO'IIV| CE€9°0 ILT°0 819°0 Lcee| 00Tl 09 0I1-001
- - £€'96C 65S°0 €cro 9S¥°0 8C'€C 006 LS99 §6—0S
- Y9¥ |  LO'88C - $60°0 86C°0 ¥9'1¢ 0s'L L8'IL 0L=S¥ 2100 Ay1AeID
- 9sy 12981 - - - - - - 1€-0¢ weel
- oy | 86'ITI —| 9L00| 0TT0 18°1¢ §T9 8L'LY 0e—¢l SSI'9YoLE
- Sov | ¥T'80C - 190°0 (4340 y1'ce €0’ - €19 0€TYT.59
- - or'e Svy'0 €200 evl’o 0s°ce sTe £v'C8 9-0 uiseq
- - 88’1 6£0°0 1000 | 100°0> £6'CC (4 - 1oem NL
wopog 9509
% | WWD c W | NWIS | NW g | AW N w | | _nbs % | wo ‘uozLOH ydep
Siony WH ¢ oS Sw ‘Kypruny ‘g ‘N S9IeUIpIoOd ‘Ioquinu uone)s
‘HO AV

(Panunuod) ([ dlqeL



193

Processes of Early Diagenesis in the Arctic Seas (on the Example of the. . .

(ponunuoo)

L9E°T 44 - LTO|  $00°0 - gsz| ordn) €€9 TI-01
S (444 - ST0 01°0 - S'sT €T $'€9 01-8
6€S°T ria% - LTO|  ¥S0°0 - $'sT - 099 89
LyY'1 09% - STO|  S100 - 96| (w9 099 9
91 65Y - 9z0| L0000 - 96z| o1dn) ¥'69 vz
YLTT 19% - 61°0| +00°0 - 86T 61T —| 1oker Aynig
- - - 00| 1000 - 0S¢ €0 - IoEm w ey
wonog €IPL
¥10T ‘0109, A/d
0Tyl - - €€e0| 8000| 6£H°0 SI'ee ST'9 Tre9 1S-0%
€6¢°1 - -1 88¢0| 0100| €970 S9tT L6y Ws9 05T w Ghg
669'1 69% -| o08c0| T1ZO0| TITO 9¢'€T 6V T9°L9 ST-01 ST9°SToSE
1L0°C 0Ly €8y | 19€0| TTOO| 1910 00'%C 107 86'99 01-¢ S9T 1199
- - -1 09¢0| 6100 8200 VLT €9°¢ 89°9L S0 Aeg eysyerepuey]
- - =-| sv00| 10000>| 1000> LS€T 8I'C - Joem NL
wonog $909
S6v°0 = LOISL| 9%1°0| 1000>| SLEO 8L°1T YT - 0bE-0€€
- —| 85°L09°1 - - - - - - 1LT-0LT
9€T°0 —-| €6'8TS°T| LSTO| 1000>| SLEO €L°0T ov's - 0ST-0vC
12€°0 —-| 6z0TTT| €€TO| TO00| ¥6T0 95'1T 84S - 0€7-02T
8170 - - ¥9T0| +000| €S€0 86'1¢ Se's - 012-002
S81°0 -1 10T66°T| TOEO| #000| O£y O YTTT 60°S - S61-S81
€19°0 - L8€L6| 19T0| 1000>| SLTO 0S'ST 19 - 0ST-0¥1
9.5°0 - 6060S| 8LTO| 1000>| €TTO LS'9T 65°€ - 00106
€0r'0 YS¥ | 89°€TL|  LIEO| 1000>| 0110 18°L2 88°C - 09-0S
- - L856¢ - - - - - - S0v
91S0 - €r00v| L9T0| 1000>| 9900 L0'8T 60T - 0€-0¢
- - LvesE| ¥8TO| 1000>| #9070 67°8¢ 89°1 - 1201 2100 ANARID
€5€°0 - - ¥8T0| 1000>| +90°0 18°LT 89'1 - 1201 ws
8%9°0 - zeoL1| 9s€0| LOOO| 9TTO LO'ST 08T - T ‘SpuB[S] TYAO[OS
- - 8€'S|  ST00| 1000>| 1000> SI'ET 017¢ - I00eM NL
wonog 7909




A. Yu. Lein and A. P. Lisitsyn

194

uone)s Jo JoquInu JUSuyor)ap sjuasardar sanfea pog

©IEp OU — :UONBION

886°0 - - - - - - - - -
SYO'l - - - - - - - - -
LS6°0 - - - - - - - - -
6v0'1 oy - ¥wo| vI00 - Sve - L'8S 0¥—8¢
0r0'l 9y - 60| ¢CIO0 - 9ve - 08¢ 8¢-9¢
°L6'0 oSy - o  TI0o0 - 9tC - 08¢ 9e—v¢
SvO'l oSy - Ly'o| 9¢T0 - 9vC - 8'9¢ ye-ce
886°0 65y - 8¢°0 €100 - LyT| (wdop 9'LS ce0¢
£56°0 0S¥ - €0 S10°0 - Lyc| ordn §'6S 08¢
¥26°0 Sy - 6£0| 000 - 0'sc S6'C 19 8¢—9¢
L86°0 (394 - 1€0 £v0'0 - 0°c - 809 9C—¥¢C
SI0'L 9% - 0€0 800°0 - 1"sc - 1'8¢ yc-cc
60C'1 19v - LEO|  ¥IOO0 - IS¢ - LSS 0T
8LI'T Sy - €0 8¢0°0 - 1°sc - €19 081
1L (454 - 120 6£C°0 - £'eT - §T9 8191
770°1 6vy - 8C°0 §c0'0 - £'sT - 819 9I-¥1
1LTT oy - 8C°0 8¢0°0 - ¥'¢T| (wogg §T9 yI-¢l
% | WWD c W | NWIS | NW g | AW N w | | _nbs % | wo ‘uozLOH ydep
Siony WH ¢ oS Sw ‘Kypruny ‘g ‘N S9IeUIpIoOd ‘Ioquinu uone)s
‘HO AV

(Panunuod) ([ dlqeL



Processes of Early Diagenesis in the Arctic Seas (on the Example of the. . . 195

well as acidifying of pore waters (fall of pH) — with generation of CO,. In pore water
from a fluffy layer, SO, ion concentration changed from 23.8 to 25.5 mM,
generally repeating a tendency of the latitudinal distribution of SO, in near-
bottom water. In the upper sediment horizons, a concentration of SO,*~ ion in
pore water at the shallow station 1408 decreases, obviously due to the most intensive
microbial processes. At other stations, concentration of SO,>~ ion in pore water
practically did not differ from that in water from a fluffy layer, averaging 24.68 mM
at the 2—4 cm horizon.

In pore waters from the Dvina Bay sediment cores (about 40 cm long), collected
by Neimisto tube in 2014, decrease of SO4>~ ion concentration from top to the
bottom of the core occurs rather regularly. This corresponds to the fact that from
sediment horizon of 68 cm (at St. 1408) and 12—-14 cm (at St. 1413), hydrotroilite
was detected and its amount increased with a depth. A weak decrease in Eh and pH
values exhibits a low activity of sulfate reduction processes, although Alk values
(to 5.5-7.5 mg eqv 1), concentration of N-NH, (to 0.44 mM) and P (to 0.95 mM),
and especially decrease of sulfate ion’s concentrations are caused by sulfate reduc-
tion processes. Concentration of Si is low but ten times more, on average, than that in
near-bottom water. In pore waters from sediments of two deepwater stations
(St. 6065 and St. 6066), high concentrations of dissolved Mn (up to 792 mM)
were measured.

Results of chemical analysis of the pore waters, and the presence of hydrotroilite
(and pyrite) in sediments and methane in pore water, suggested that in the modern
White Sea sediments, along with aerobic (oxidizing) biogeochemical processes, an
anaerobic destruction of OM proceeds. Among these processes, the most consider-
able is a microbial sulfate reduction and methane generation. In shallow water of the
Dvina Bay, these processes take place already in the upper 10 cm of sediments. They
are followed by decrease of concentration of a SO, ion, characteristic of anaerobic
diagenesis, from top to down the core, and by increase of Alk, CH,4, and biogenic
elements down the core. Judging by a composition of pore waters, the diagenetic
changes in sediments of the White Sea are of a considerably weaker scale comparing
to that of modern sediments in other marine Basins of the humid of zones [31].

3.7 Microorganisms and Rates of Microbial Processes
in Sediments of the White Sea

At the White Sea floor, negative temperatures (—1.4°C) were recorded, both in near-
bottom water and in surface sediments [32]. Negative temperatures are a distinctive
feature of the polar seas. The question was, how diagenetic processes proceed with
the participation of microorganisms, in the first microbiological studies in the Arctic
latitudes and, in particular, in the Arctic seas [33-35].
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Studies of the last decades proved that microorganisms are capable to survive at
low temperatures and that they are “an important terrestrial colonialists,” possessing
“the unknown strategy of maintaining viability” [36].

Microorganisms in ground sediments of the Arctic seas are involved in the
modern biogeochemical cycles. They influence upon speed of processes of transfor-
mation of OM and gases (CO,, H,S, CHy, H,, NHy4, etc.) production. At a stable
mode of negative temperatures, as it takes place at the White Sea bottom, one can
assume that microorganisms has developed adaptation mechanisms of viability for a
long time, as it was proved for permafrost of the Arctic land [36]. The modern soils
of the Arctic region at depth of 1.0 cm account for, on average 2.0 x 107 cells of
methane generation and 2.0 x 107 of sulfate reduction microorganisms.

Majority of microorganisms functioning in the Arctic region are psychrophiles
which can grow at temperature within an interval from —10°C to +20°C.
Psychrophiles are steady against the low-temperature stress, for example, due to
ability to form a special structures (cysts and spores) or due to extraction of sugars
and proteins [37].

The initial stage of organic compounds’ transformation in the surface lithosphere,
as a rule, is an aerobic processes which are performed by various classes of
microorganisms. Aerobic destruction of organic matter is described by the schematic
equation C¢gH{,O4 + 60, = 6CO, + 6H,0 + biomass of microorganisms. The most
important geochemical consequence of aerobic destruction of organic matter is a
consumption of molecular oxygen that leads to replace of oxidizing environment
with the reducing one and is followed by development of an anaerobic destruction of
organic matter. In anaerobic destruction of organic matter, the two stages are
distinguished. At the first stage, a heterogeneous group of microorganisms,
so-called primary anaerobe bacteria, subject the main classes of organic compounds
(proteins, lipids, and polysaccharides) to enzymatic hydrolysis and fermentation
followed by formation of low fatty acids, alcohols, aldehydes, ketones, CO,, and
H,. At the second stage of an anaerobic destruction, these metabolites serve as
substrata for “secondary anaerobe bacteria” — the sulfate reductors and methane-
generating microorganisms (Fig. 10) [38].

It is necessary to emphasize that in anaerobic environment, in the course of the
organic matter’s destruction, there is a continuous formation and consumption of
low-molecular organic compounds. The interior C,—Cg fatty acids are constantly
present there. In our works of last years, on the example of sediments of the trans-
Pacific profile and other marine Basins, it was shown that microorganisms which
function as sulfate reductors and methane generators are widely spread [39]. Mea-
surements of rates of sulfate reduction and methane generation by a tracer techniques
have revealed that more than hundreds pg of H,S in 1 kg of wet sediments can be
formed per day in marine ecosystems [20]. Generation of methane is as a rule
performed by bacterial reduction of CO, by H,.

Processes of microbial generation of H,S and CH, are followed by the energy
consumption arising at anaerobic oxidation of low-molecular organic compounds or
molecular H,. Total number of microorganisms in the surface layer (0.1-5.0 cm) of
sediments of the White Sea in all tests exceeded 1 million cells ml™" that it is slightly
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Fig. 10 Scheme of the organic matter’s decomposition [38]

less than in a fluffy layer where TNM reaches (110-259) x 10° cells ml~". Similar
values of TNM (170-630) x 10° of cells ml~! were obtained for surface sediments
(1-2 cm) of the Barents Sea at depths of 150-790 m [10]. Down the sediment core,
TNM considerably decreases.

In typical samples of the White Sea sediments at stations of the axial transect,
radioactive isotope determination of rates of sulfate reduction, methane generation,
and methane oxidation processes, as well as integral rates of microbial processes
(CO, assimilation), was performed for the first time.

The surface horizons are characterized by oxidizing conditions: Eh values were
positive and varied from 175 mV in Onega Bay, 250 mV in the Dvina Bay, and up to
300-320 mV in deepwater sediments of the Basin. Oxidizing conditions were very
quickly replaced with oxidation-reduction and further by reduction ones where the
basic diagenetic process of OM destruction is sulfate reduction process. Rate of a
sulfate reduction processes in the surface-oxidized sediments (0—1 cm) ranged from
9to 170 pg S dm ™~ day . Reduced compounds of sulfur in surface-oxidized layers
do not form mineral phases; they diffuse into a fluffy layer and near-bottom water
where they become a substratum for bacteria (chemoautotrophs) at water-sediment
border. The CO, assimilation rates (ranged from 22 to 170 pg C dm day_l) in the
surface sediments probably confirm a noticeable participation of chemoautotrophs in
formation of microbial biomass at water-sediment border. The rate of a microbial
sulfate reduction was determined in sediments at eight typical stations along the axial
transect. The maximal rates were determined in the upper 50 cm sediment thickness
in the central part of the Basin at St. 4702 (180-800 pg S dm > day ). In the Dvina
and Onega Bays in the upper 50 cm, rates of sulfate reduction fluctuated within the
limits of 5-120 pg S dm™> day ' (St. 4686 and 4712), increasing to 342.5 mkg of S
dm > day ' in sediments of central part of the Dvina Bay (St. 6042). At St. 6058, in
a deepwater part of Kandalaksha Bay, rate of sulfate reduction reached
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135.1 pg S dm > day ' already in the upper 6 cm of sediments, and down the core, it
considerably decreased (up to 30 pg S dm > day " at the horizon of 2646 cm). In
sediments of the central part of the Basin (St. 6056), rate of sulfate reduction
fluctuated from 9.0 to 47.7 pg S dm > day ' that was lower comparing to close
located St. 4702.

Thus, radioisotope experiments with sediments along the axial transect of the
White Sea, exhibited that maximal rates of sulfate reduction process were charac-
teristic for terrigenous sediments with homogeneous grain-size composition. Such
sediments are located in the central part of the Dvina Bay and in the Basin. The
minimal rates were typical for coarse-grained sediments within the delta of Northern
Dvina and Onega Rivers where rates of sulfate reduction seldom exceeded
100 pg S dm ™~ day ! (Table 11).

Heterotrophic sulfate-reducing microorganisms in the upper sediment horizons
utilize, first of all, the dissolved organic matter (DOM), whose concentration always
exceeds content of organic matter in a solid phase of sediments. Consumption of Coo
in the course of sulfate reduction fluctuates differently at different stations: from
3.8 pg S dm > day ' (St. 4686, the Dvina Bay) up to 601.5 pg S dm > day
(St. 4702, the central part of the Basin) (Table 11).

Comparison of the data obtained in the White Sea sediments with sediments of
the humid zone seas (Table 12) let us to conclude that in polar seas, rates of sulfate
reduction process are much slower than that in other midland seas. For example, in
the Baltic Sea, this rate averages 1,380 pg S dm > day ' [39], whereas in the White
Sea, even a maximal measured rate of sulfate reduction accounted for 800 pg S dm >
dayf1 rates, i.e., it was 1.7 times less than average value in the Baltic Sea.

A maximal rate of the dark microbial CO, assimilation process was found in the
surface layer (O—1 cm) in sediments of the Dvina Bay (170 pg C dm™> day~'). From
top to bottom of the sediment core, a rate of CO, assimilation decreased, indicating a
decrease of total bacterial activity in sediments below 50 cm. Minimal rate of CO,
assimilation characterizes surface sediments (22.5 pg C dm > day ') and sediments
of the whole section of St. 6056. In deepwater sediments of the western depression,
microbial activity was recorded throughout the whole 50 cm core (St. 6058). In
surface layer of the Basin, sediment rate of a methane generation (MG) varied from
23.7 to 32.1 nl dm > day 'and increased to 71 nl dm > day ' in open part of the
Dvina Bay sediments.

A process of methane generation was found in all the sediment samples studied,
starting from surface-oxidized layer and downward. Process rate as a rule was
minimal in the surface layer (24-71 nl CH, dm™3 dayfl), then increased at the
10-15 cm horizon, and further changed slightly down the core. A rather high MG
rates (to 126—-144 nl CH, dm3 day_l) were measured in sediments of the Dvina
Bay. In the Basin sediments, MG rate did not exceed 78 nl CH, dm > day ~'. Higher
MG rates were found in microlandscapes of the Kandalaksha Bay littoral, where
methane was formed in amount to 69,600 nl CH, dm™3 dayfl [8, 25]. From these
data, taking into account a methane consumption rate, methane flux from littoral
sediments accounted for 192-300 CH, | km 2 day .

The ability to function in a wide temperature interval explains a global distribu-
tion of methane-generating bacteria (Archean) inhabiting all known anaerobic
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Table 11 The rates of biogeochemical processes in the sediments of the White Sea (August 2001,
cruise 49 of R/V “Professor Shtokman”)

Consumption
Methane Methane Sulfate of Cy, for
generation, oxidation, nl | reduction, sulfate
Station Sediment nl Clr114 dm™ |CH, <lim73 pg C ]dmf3 redugtion, p}g C

Depth, m | horizon, cm | Eh, mV | day™ day ™ day™ dm™" day~

% 0-1 250 900 0.75 30.0 22.5
5-6 200 40 0.75 5.0 3.8
8-10 50 130 0.60 78.0 58.6

% 0-1 300 - 1.0 25.0 18.8
90-100 270 - 1.0 65.0 48.9
150-160 270 - 2.0 40.0 30.0
170-175 50 - - - -
220-225 -30 - 0.75 62.0 46.6
260-275 50 - 1.25 50.0 37.6

% 0-1 320 250 4.3 250 188.0
1-5 175 550 3.8 800 601.5
10-15 50 500 - 180 135.3
3040 100 750 - 800 601.5
40-50 150 250 4.0 200 150.4
90-100 0 1,200 4.1 800 601.5
190-200 50 300 5.0 150 112.8
270-275 75 200 4.5 25 18.8

‘;1—1_5 0-1 175 400 0.5 15 11.3
1-5 110 1,000 0.75 120 90.2
80-100 80 300 0.20 20 15.0
140-150 60 2,500 0.80 180 135.3
240-260 -20 1,600 0.85 370 278.2
270-280 - - 1.20 30 22.5

% 0-1 200 - 0.2 15 11.3
1-5 200 - 1.7 15 11.3
5-25 125 - 33 30 22.5
50-60 100 - 0.7 15 11.3
100-120 125 - 1.1 55 41.3
130-140 125 - 2.0 15 11.3
210-225 25 - 0.3 60 45.1
250-275 -50 - 1.6 55 41.3

ecosystems of our planet, including the polar Basins [9]. Methanotrophic bacteria are
the second major participant of methane cycle in the biosphere since under its
thermodynamic conditions, a chemical methane oxidation cannot happen, and
representatives of obligate methanotrophs held this process in a wide temperature,
salinity, and pH interval [12]. Methanotrophs prevent input of greenhouse methane
gas into atmosphere; and anywhere these microorganisms are in abundance, and they
produce a noticeable amounts of organic matter which is utilized by heterotrophs
[12, 40]. The determination method of rates of methane microbial oxidation is set out
in the monograph by V.F. Galchenko [12]. Rate of methane oxidation process in the
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Table 12 The rates of the sulfate reduction process in the present sediments of the White Sea and
other intercontinental seas (mean values) [39]

Sea, its area (or season) Sulfate reduction rate, pg C dm™? day’1
White Sea

Basin, central part 48-800
Basin, deepwater part 15-135
Dvina Bay 30-340
Onega Bay 15
Baltic Sea

Shallow water 1,380
Central part 1,100
Black Sea

Shelf 1,600
Deepwater part 480
Azov Sea

(Winter 660
Summer) 7,550

Caspian Sea

(Shallow water part) 1,180

surface horizons of the White Sea sediments varied from 13.51 nl CH; dm > day

in deepwater depression of the Basin to 6.4 nl CH, dm > day " in the central part of
the Basin (St. 6058, 6056). In the Dvina Bay sediments, the maximal rate of methane
oxidation accounted to 6.30 nl CH, dm > day71 (St. 6042) and changed around
0.75 nl CH, dm day*1 (St. 4686, 4698). Down the sediment core, the rate of
methane oxidation increased up to 18-35 nl CH, dm > day ', evidently due to
activity of the Archean anaerobic methanotrophs in consortium with sulfate-
reducing bacteria [41].

Results of determination of a methane generation’s rates allowed us to calculate
microbial production of a diagenetic methane in sediments. So in the Dvina Bay over
500 years, 8.98 1 of CH, under bottom area of 1 m? could be formed. In the Basin at a
depth of 133 m, this value was equal to 5.52 1 m~2 and in a deepwater western part of
the Basin 4.291 m 2. Daily rates of methane oxidation in the White Sea sediments,
on average, are less than methane generation’s rates. In the oxidized surface sedi-
ments (0-5 cm), consumption of CH4 by microorganisms happens with greater rates
than in slightly reduced subsurface sediments.

Simple calculations show that a minimal CH, amount (8.9%) was oxidized in
more reduced pelitic sediments at 300 m depth (St. 6058) over 500 years. Meanwhile
in more oxidized coarse-grained sediments at 133 m depth, 22% of the total methane
generated was oxidized. At the same time, in the course of a methane generation, not
less than 2% of C,, buried in the sediments studied has been utilized.

Comparison of production of CH, values in surface sediments of the White Sea
with that of the Kara and Chukchi Seas exhibits a similarity of White Sea microbial
production of CH, (0.3-1.1 pM m 2 day ') with the delta sediments of the Yenisei
River (which have a low CH, production about 1.4 yM m > day ') and with
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sediments nearby the Alaska sediments (0.6 uM m 2 day ). In the latter areas, the
minimal rates of anaerobic microbial processes for these two seas were observed in
oxidized surface sediments that are close in physicochemical properties to the White
Sea Basin sediments [24, 42, 43].

The whole data obtained, namely, low concentration of biogenic elements, low
total number of microorganisms, and low speed of microbial processes in the water
column and in sediments, indicate a low value of primary products in August 2006.

Over ~500 years of the Holocene, the modern White Sea conditions last out.
Calculation of CH, production, without microbial CH, consumption, showed that in
Basin sediments, i.e., approximately on 2/3 areas, during 500 years, microorganisms
could generate 4 1 of CH4 under 1 m” and as twice as more in sediments of the Dvina
Bay open area.

Comparison of CH, production with CH, concentration under 1 m? of sedimen-
tary thickness of 50 cm showed that nearly 99% of methane diffuse from sediments
into water column which holds 0.4 x 10 m> CH,. Therefore, it should not to expect
some significant accumulation of diagenetic methane in well-aerated subpolar inter-
nal shallow Basin like the White Sea is. At the same time, by our estimates, CH,
emission into atmosphere from littoral sediments of similar Basins in summer
months can reach 300 1 CH, km 2 dayf1 [8, 25].

There are several approaches to calculation of C,,, consumption in processes of
an anaerobic OM destruction. The first one is based on accounting preservation of
Corg (or Ngy) in lower horizons of sediment thickness in comparison with Cgre
content in surface horizon which is considered as initial content of C,, [44]. Similar
approach, first, does not consider possible changes in sediment formation affecting
initial concentration C,,, Secondly, as an initial C,,, is accepted a residual one, since
intensive OM destruction happens at the water-sediment interface.

Another approach, which is widely accepted in Russian researches, is based on
calculation of C,,, consumption for formation of the Mn-, Fe-, and S-reduced
compounds by the balance formulas of Uspensky and Strakhov [45]. This second
approach allows to estimate C,, consumption per the solid-phase content com-
pounds. In essence, only C,, consumption for formation of stable Fe sulfides
(pyrite), since C,, consumption for reduction of Fe**, Mn**, and other oxidized
components so insignificant that they are, as a rule, neglected. Strakhov, who offered
this estimation method of primary (or initial) C,,, preservation, wrote about approx-
imation of such estimates, since organic matter has been decomposed during other
types of its transformations, for example, due to eliminating of COOH, CH,4, NH3,
etc. [46, p. 214]. Biogeochemical researches give a reason to account that in a solid
sediment phase, not the whole hydrogen sulfide formed in situ resulted from
bacterial sulfate reduction is fixed. As an evidence of migration and partial oxidation
of H,S within reduced sediments where it occurs in a free state [47, 48], data on
chemical analyses could be used. From these data, in pore waters, the subsurface
maximum of SO, ion, enriched in light **S isotope in comparison with SO, ion
isotopic composition in near-bottom water, was detected (84S = —18.8 + —15.6%o).
The latter circumstance can be considered as the unique evidence of a subsurface
sulfate maximum resulted from oxidation of light isotope of metabolic hydrogen
sulfide. Data on all sulfur forms in gaseous, dissolved, and solid phase of reduced



202 A. Yu. Lein and A. P. Lisitsyn

sediments in Limfyord, Denmark, showed that only 10% (0.7 mM) of a metabolic
H,S in the forms of sulfides were buried in sediments. The rest 90% of a newly
formed H,S diffused partially from shallow sediments into near-bottom water and/or
were oxidized followed by internal sulfur circulation in sediments.

Considering the above mentioned, we proposed a different approach to estimating
the OM amount mineralized during anaerobic destruction. This approach is based on
an experimental study of the rate of biogeochemical processes under conditions
that are very similar to natural ones by use of sulfur and carbon radioisotopes
[47, 49, 50].

It was established that 90-95% of C, involved in anaerobic biogeochemical
reactions are consumed during bacterial sulfate reduction [38, 50]. Therefore, to
estimate amount of C,,, consumption during anaerobic diagenesis, it should to apply
a rate of bacterial sulfate reduction in sediments. A simple calculation of equation of
the following sulfate reduction reaction

SO4* + 2Cqyg + sulphate reducing microorganisms — S~ +2CO,
24 32

allows us to quantify a rate of C,, mineralization proceeded from aerobic OM
decomposition by sulfate-reducing bacteria.

A value of anaerobic OM destruction by methane-generating bacteria is calcu-
lated, for example, according to the equation [38]

4HCOOH +4H; +4CO; + methane generating microorganisms — CHy +2H, 0 +3CO,
48 12

Comparison of intensity of bacterial sulfate reduction in the marine sediments
estimated by different researchers, using both calculation methods (a modeling) and
experimental radioisotopes’ results, showed a similarity of data obtained. This let us
to apply experimental data on bacterial processes’ rate in the upper 50 cm layer
which has been congregated up to date, for assessment of C,,, consumption under
conditions of early diagenesis in the reduced sediments. The offered approach seems
to be more correct compared to earlier ones since it allows to consider Cg.
consumption for formation not only the solid phase but also dissolved products of
metabolism of the microbial processes that took place during early diagenesis in the
White Sea sediments [49].

4 Conclusions

Features of the early diagenesis in sediments of the Arctic waters is considered by the
example of the White Sea. In the humid zones, diagenesis is a process of sediment
formation under unsteady physical and chemical conditions, when sediments are
saturated with water and relatively enriched in organic matter, including biomass of
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living benthos and microbial population. At the earliest stage of diagenesis, micro-
organisms and benthic animals assimilate the free oxygen from followed by reduc-
tion of the Mn** and Fe** oxy-hydroxides. After that, an oxygen of sulfate ion in
pore water is involved in chemical reactions. As a result, an oxidized ecosystem
turns into the reducing one. Solid biogenic compounds, such as SiO,, CaCOj3, and
MgCOj; which remained in an undersaturated state for a long time in the pore waters,
transfer into the dissolve form gradually till the complete pore water’s saturation
with them. In the same time, there is an exchange between the cations which are in
the absorbed state on clay mineral micelles and cations of the pore water.

Organic matter during the destruction transfers into reduced gases (CO,, NH3,
H,S, CH,, etc.), as well as into water-soluble compounds and more stable solid
compounds, which were preserved in a solid phase of sediments, while oxygen
disappears. As a result, the pore waters of sediments change their composition. The
amount of sulfates in pore waters gradually decreases down the sediment core, value
of total alkalinity grows, and sediments enrich in Fe?*, Mn®*, and SiO,.

The dataset obtained provides an evidence that the basic substrate (composed of
the White Sea OM) is not very suitable for the anaerobic microflora’s functioning.
As a result of this, the early diagenetic processes, firstly, need more time and,
secondly, are far from completion. This is confirmed by composition of authigenic
sulfides (FeS,,_;) represented by X-ray amorphous “hydrotroilite,” as well as by the
absence of authigenic carbonates.

One of the important diagenetic processes, revealed over the last decades in the
Arctic Sea sediments, is an anaerobic oxidation of methane which enters to young
sediments from any sources. Within the sediments, CH, is partially oxidized under
anaerobic conditions followed by a fresh organic matter (OM) formation in the form
of biomass of microorganisms and products of their metabolism. This fresh OM
formation strengthens the diagenetic processes which have been weakened by this
time, as it was shown for the Black Sea sediments [9].

A dominance in the Arctic Basins of terrigenous OM is confirmed by data on the
C/N and on the n-alkanes’ composition, as well as results of the pore waters analysis
which displayed a very sluggish slight decrease of sulfate ion and insignificant of
Alk in the pore waters down the sediment core. Experiments with radioisotopes
aimed to evaluate rates of the basic microbial diagenetic processes confirm the
decreased sulfate reduction rates in the White Sea sediments in comparison with
sediments of midland seas of the humid and humid-arid zones.

In polar reservoirs, similar processes were observed only in caldera of Haakon
Mosbi mud volcano so far [23]. In general, delay of diagenesis rates in the polar seas
could be explained by the low value of primary production, while terrigenous
organic matter’s inflow into the sea from the continent was very high. Low temper-
atures of the microorganisms’ habitat have a secondary importance.
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Abstract Interest in the study of subarctic areas of the Earth increases year by year,
due to the accelerating pace of development of high latitudes and increasing anthro-
pogenic pressure. In parallel with these processes, there is a growing need to study
the behavior of substances of the first class of danger in the natural objects of the
region. This article summarizes and analyzes data on Hg content in bottom sedi-
ments of the White Sea and rivers of its basin. The influence of the river flow of the
Northern Dvina, Kyanda, and Kem Rivers on the formation of Hg concentrations in
the bottom sediments of the White Sea, Dvinsky, and Onega bays has been studied.

The spatial distribution of Hg in the bottom sediments was investigated; the levels
of Hg accumulation in areas affected by anthropogenic activity were shown. Bottom
sediments of the White Sea and estuaries of its basin have been zoned by levels of Hg
content. For the Northern Dvina River, the amount of methyl-Hg formed in the
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bottom sediments was calculated based on the data of field studies, physicochemical
and mineralogical properties of the bottom sediments, and their pollution level.

The river-sea sections were studied, and action of marginal filters of the rivers of
the White Sea basin has been shown. The background level of Hg content in bottom
sediments was established. Comparative analysis of Hg content in bottom sediments
of different water basins which are exposed to different anthropogenic influence has
been carried out.

Keywords Bottom sediments, Mercury, Spatial distribution, The White Sea basin

1 Introduction

Mercury its compounds are highly toxic substances. The potential toxicity of Hg
for humans and other living organisms varies widely depending on the chemical
form and the exposure pathways, amount, and vulnerability of the target. The
relevance of the topic is confirmed by its recognition at the international level.
Thus, on January 19, 2013, after 4 years of negotiations, the UN participants agreed
a new international document on the problem of Hg pollution. The purpose of this
document is to reduce the Hg use in industry, as well as the elimination of accumu-
lated Hg-containing waste [1]. The Arctic Monitoring and Assessment Programme
(AMAP) notes: “Hg, lead and cadmium are the most dangerous heavy metals
whose contamination of the Arctic environment poses a serious threat.” The greatest
influence on the organisms is rendered by Hg, carried by the rivers flowing into the
Arctic Ocean. High watering of the Arctic rivers provides concentrations that are
significantly lower than the global average. Nevertheless, the total Hg runoff by the
Eurasian rivers is about 10 tons per year [2].

Mercury is an ever-present heavy metal. Its content in the Earth’s crust, according
to various estimates, ranges from 0.03 to 0.08 pg g~ ' dry weight. Hg belongs to the
most labile components of the ore-forming process and is a “through” element that is
fixed in the products of all stages of ore formation [3, 4]. The most probable forms of
Hg transfer from the mantle substance with a high content of this element to the
upper parts of the Earth’s crust are gas, vapor-gas, and dissolved ones. The migration
of these forms is carried out mainly through deep fault zones, where most of the Hg
deposits are concentrated [4, 5]. One of the main natural sources of Hg released into
the environment is the so-called Hg breath of the Earth (mantle degassing during the
tectonic process). The global Hg emission into environment as a result of volcanic
activity is 20-90 tons per year according to modern reports [6]. The global exoge-
nous sources of Hg are rock minerals, the ocean, underground and surface waters,
forest fires, and the biosphere as a whole. About 0.1% of the Hg received from the
mantle is in the oceans in dissolved form [7]. According to others [8], the total
amount of Hg in the World Ocean is 206 million tons. As the oceans contain 97% of
the surface water of the Earth, they are the largest accumulators of dissolved
Hg. There are about 2,000 Hg deposits in the world, in which no more than 0.02%
of the total Hg scattered in the earth’s crust is concentrated [5].
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The presence of Hg reserves in the Russian Arctic is of particular interest in the
aspect of this study. The least remote from the study area deposits were discovered
on the Taimyr Peninsula (Izvilistoye, Uboyninskoye, and Tareiskoye), but its main
reserves are concentrated in the Chaun (more than 90% of the total reserves of the
region) and Anadyr fields of the Yana-Chukotka province. The Tamvatneyskoye
field is explored in detail. These deposits contain tungsten, arsenic, and antimony
as associated components. The largest field — Zapadno-Polyanskoye located 160 km
from Pevek — is a stockwork with two lenticular deposits in sandstones [9]. Thus, the
literature review allows us to draw a conclusion that according to the currently
available data the lithogenous (natural) base of the study area does not belong to
the Hg-containing planetary zones or anomalies and cannot be the reason of the
increased concentrations of Hg in components of environment of the White Sea
basin. Only volcanoes outside the subarctic territory can be attributed to external
natural sources of Hg.

Currently, Russian and foreign scientists are actively engaged in studying the
behavior of Hg in various environments. Concerning scientific research devoted to
this problem in the announced region, it should be noted that they are conducted, but
in most cases, they are single and unsystematic. Regular comprehensive studies
designed to clarify the features of Hg accumulation in the mouth area of the Northern
Dvina River were conducted by employees of the Southern Federal University since
2004. During this time, Hg concentrations in soils, water, bottom sediments, marine
biota, rainfalls, and snow cover in relatively “clean” and impact areas of the White
Sea basin were determined [10-29].

The peculiarity of bottom sediments is their ability to deposit Hg and its com-
pounds and under changing physical, chemical, or hydrodynamic conditions return
them partially to the water column. This causes “secondary pollution” of water,
which can go on for many years. Generally, the most toxic forms of Hg released
from the bottom sediments. Such phenomena formulate environmental problems,
because there are explosions of extremely high concentrations of Hg and its com-
pounds against the backdrop of a seemingly generally favorable state of the aquatic
environment and the absence of visible pollution sources [16].

Information on global, regional, and local events that can affect the space
and temporal distribution of Hg in bottom sediments is used to explain the chronol-
ogy of its input into the White Sea basin. Humans have used Hg since the ancient
times. However, it is generally accepted that Hg usage has increased since the
beginning of the industrial period, which according to various estimates began
250-300 (an average of 270) years ago [30]. The industrial revolution as a global
phenomenon started from the middle of the eighteenth century. During this period,
Hg began to be widely used in gold mining, medicine, the manufacture of lighting,
agriculture (for seed treatment of grain crops), and military (Hg (II) fulminate-Hg
(ONC), was used to make fuses and primers for cartridges and shells). Emission of
Hg increased especially during the periods of two world wars, when its extraction,
production, and usage increased greatly. Hg production in the world increased
until the late 1960s, after which it fell in developed countries due to toughening of
environmental legislation.
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We have considered the complete marginal filter in full in its classical sense [31]
only for the Northern Dvina River, while for the Kem and Kyanda Rivers its
individual sections or zones have been studied. Therefore, when describing the
river-sea systems, we used the term “river mouth area” (according to [32]) or the
“marginal filter section,” while the White Sea was described separately.

2 Materials and Methods

During the research, a modified procedure of sampling, sample preparation, and
determination of Hg content was employed. This technique previously had been
tested on different water objects of Russia [11, 13, 14, 19, 26, 33]. The main array
of Hg determinations was made by the method of atomic absorption in a cold
vapor in the certified laboratory of the Southern Federal University by analytical
chemist Anikanov A.M. The repeatability of the results obtained was monitored
at the Federal State Unitary Enterprise “Yuzhgeologiya.” The error of determination
amounted to 10-15%. In bottom sediments, pH and Eh were also measured, and
in parallel, methane and organic carbon contents were determined.

Before the bottom sediments sampling, the chemical vessels were treated with
nitric acid, washed, and twice rinsed with bidistilled water. The 10-15 g mass of
material from each sedimentary layer was placed in the polyethylene bags. Bottom
sediments stored at a low temperature in the refrigerator.

Bottom sediments in the Northern Dvina River mouth area were sampled aboard
the R/V “Iceberg-2” using the Petersen bottom grab, as well as in the channels —
at the shore — with a special tube (50 mm in diameter, 500 mm long). At some
stations, the sampling was impossible or difficult because of submerged logs, which
accumulated here as a result of long-term traditional practice of molten wood from
the harvesting area to sawmills. Our research includes data obtained by the staff
of the Department of Physical Geography, Ecology, and Nature Protection of the
Institute of Earth Sciences of the Southern Federal University in the course of long-
term observations conducted during ten expeditions in this area since 2004 [10-29,
33]. More than 150 samples of bottom sediments at 18 stations in the mouth area
were collected and analyzed. Studies in the estuary area of the Kyanda River were
carried out by the staff of the North-West Division of the RAS Shirshov Institute of
Oceanology and the Institute of Earth Sciences of the Southern Federal University
in August 2014 [34]. The length of the bottom sediment core reached up to 20 cm.
Bottom sediments in the White Sea were sampled by the staff of Laboratory of
Physico-geological Studies, Shirshov Institute of Oceanology RAS aboard the R/V
“Professor Shtokman” led by A.P. Lisitsyn (64th cruise, August 2004) using a
Neimisto ground tube [35-37]. Further processing of samples was carried out at
the Institute of Earth Sciences of Southern Federal University. The total number of
Hg determinations in the bottom sediments in the White Sea amounts 177.
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In this chapter, we compare our results with that for the bottom sediments of the
Kem River [38]; sampling was performed in the estuary of the Kem River and the
adjacent part of the Onega Bay of the White Sea by use of Van Veen grab (0.1 m?).

3 Mercury in the Bottom Sediments of Water Bodies
of the Globe

The authors carried out generalization of the world data on total Hg content in the
bottom sediments on a global scale (Table 1) in order to compare with those
observed in the White Sea and its basin’s water bodies.

From Table 1, it follows that Hg content in the bottom sediments of the water
bodies of our planet is distributed very heterogeneously, that is due to the fact that
sediments are under influence of both the natural and man-made factors and pro-
cesses. Concentrations of Hg and its compounds increase significantly in bottom
sediments exposed to the direct effects of enterprises for which Hg is a characteristic
pollutant. Study of bottom sediments in the areas nearby gold mining enterprises in
Russia and Brazil showed that the degree of Hg contamination of bottom sediments
depends on the duration and intensity of the metallic Hg usage, as well as on the
technology of its treatment of mining placer by the draft method [63, 65, 66]. The
difference between the Hg content in the bottom sediments of water bodies located
near the mines of the gold extraction or the bottom of the tailings pond and those in
the bottom sediments of the background areas is 90-500 times [40, 62, 63]. Mercury
contents are comparatively lower in the bottom sediments of water bodies, at whose
drainage basins the deposits of Hg and hydrocarbons are located. There Hg contents
are approximately at the same level as in areas affected by runoff from urban
agglomerations, shipping, and some other anthropogenic pressure. At the same
time, bottom sediments of these water reservoirs contain as much as 5-20 times
more Hg compared to the background areas [39, 43, 44, 47, 60, 61, 64, 67, 74-76].

Commonly, the Hg contents in the bottom sediments of relatively uncontamin-
ated water bodies of the Arctic Basin do not exceed 0.03-0.06 pg g~ ' d.w., while
in other regions they are higher and can reach the integer values of pg g ' d.w.
For example, according to Novikov and Zhilin [72], the content of total Hg in
the upper layer of the bottom sediments of the Barents Sea varies from 0.15 to
0.8 pg g~ d.w. The most of the Hg measurements was made in the Murmansk bank
area seaward the Eastern Kola Peninsula coast. These concentrations were close to
those observed by us [24] in the bottom sediments of the Northern Dvina River,
confined to the agglomeration of Arkhangelsk. The authors of [72] did not comment
this phenomenon. Notwithstanding, from the above analysis of the increased con-
tents of other heavy metals in the bottom sediments of this area of the Barents Sea,
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Table 1 The mercury content in the upper layer of the bottom sediments of the Earth’s water

bodies
Source of

Water object Hg, pg g ' dw. information
Don River, Russia 0.06-0.18/0.13 [39]
Taganrog Bay of the Azov Sea, Russia 0.01-5.0/0.3 [39]
Atamanskoe Lake, Rostov region, Russia 0.2-13.6 [40]
Sornoe Lake, Rostov region, Russia 5.5 [40]
Sornoe Lake, Rostov region, Russia (soft-plastic and hard | 0.06-0.08 [40]
plastic silt)

Rostov region, man-made muds (sludge accumulators), 9.0-15.0 [40]
Russia

Danube River, Ukraine 0.03-1.67/0.50 [41]
Mouth area of Danube River, Ukraine 0.085-0.86 [41]
Danube River, former-Yugoslavia 0.20-0.50 [42]
Katun River, Russia 0.04-0.66 [43, 44]
Rivers of Chukotka region, Russia 0.044-0.055 [45]
Kola River, Russia 0.009-0.2/0.11 [46]
Rivers of the Kola Peninsula, Russia 0.265 [45]
River sediments of the “Pechenganikel” area, Murmansk | 0.005-0.51/0.17 [46]
district, Russia

River sediments of the “Severonikel” area, Murmansk 0.03-0.39/0.16 [46]
district, Russia

Kola Bay of the Barents Sea, surface layer, Russia 0.5 [47]
The same 0.04-0.011/0.03 [48]
The same, at individual sampling stations (Tuva Bay, 0.50-2.25 [48]
Mishchakova Village, Salny Island)

The Barents Sea, the Shtokman gas condensate field, 0.05-0.09 [47]
Russia

Estuary of the Kem River, Russia 0.006-0.07/0.016 [38]
Onega Bay of the White Sea, Russia 0.02 [49]
Dvina Bay of the White Sea, Russia 0.05-0.1 [49]
Anadyr Bay of the Bering Sea, Russia 0.02-0.063/0.039 [2]
The Bering Sea Basin, Russia 0.02-0.06/0.037 2]
The Bering Sea, Russia 0.025 2]
The Laptev sea, Russia 0.037 [50]
The Kara Sea, Russia 0.028 [50]
The East Siberian Sea, Russia 0.037 [50]
The Beaufort Sea, Northern America 0.017-0.074 [51, 52]
Faroe Islands 0.004-0.012 [53]
Port Valdez, Alaska, USA 0.01-0.06/0.04 2]
The sea of Japan, Bay 0.036-0.529 [54]
Sea of Okhotsk, Russia 0.006-0.121 [54]
The rivers of the European territory of Russia 0.01-0.45/0.08 [55]
Rivers of Europe 0.01-11/0.09 [55]
Rivers of Asia 0.01-0.02/0.011 [55]
The rivers and lakes of Australia 0.13 [55]

(continued)
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Table 1 (continued)
Source of
Water object Hg, pg g~ ' dw. information
Rivers of North America 0.004-2.1/0.11 [55]
Lower Amur River Basin, Russia 0.1-0.79/0.23 [56]
Nura River (background value), Kazakhstan 0.031-0.083 [57]
Venetian lagoon, Italy 0.5-2.5 [58]
Mouth area of the Loire River (Bay of Biscay), France 0.006-0.073/0.026 | [59]
Sochi-Tuapse sector of the Black Sea, Russia 0.037-0.4 [60, 61]
Novorossiysk-Arhipo-Osipovsky sector of the Black sea, | 0.096-0.196 [60, 61]
Russia
Technogenic silts of the Pregola River, Baltic Sea, Russia | 0.213 [62]
Technogenic silts of the Karagaily River, Republic of 2.44 [62]
Bashkortostan, Russia
Technogenic silts of the Ekateringofka River, Saint 2.69 [62]
Petersburg, Russia
Technogenic silts of the Neva Bay, Russia 0.68 [62]
The bottom sediments surface layers of background 0.01-0.030 [71
freshwater bodies and watercourses, global data
Zabaykalsky Krai, Russia 0.01-54.2 [63]
The same, background watercourses 0.01-0.11 [63]
The same, bottom sediments on the territory of the 0.43-54.2 [63]
“Lubov” Mine
The Hudson River Estuary, flowing through a region with | 1.0 [64]
a high concentration of industrial production, Canada
The gold mining regions of South America 1.60-2.05 [65]
Gold mining in the Madeira River Basin, Brazil 157.0 [66]
The tidal swamps of the San Francisco Bay (at 30 km 0.03-0.08 [67]
downstream of the mercury mining area of New
Almanden), USA
Lakes and canals of Bolshezemelskaya tundra, Russia 0.012-0.095 [68]
Lakes of Arkhangelsk and its surrounding area 0.002-0.052/0.012 | [27]
Razdolnaya River of the Amur Bay of the Sea of Japan,
Russia
River 0.023-0.095/0.056 | [69]
Bay 0.102-0.196/0.143
The Chukchi Sea and the adjacent part of the Arctic Ocean, |0.007-0.09/0.03 [70]
Russia
Basin of Deriugin of the Sea of Okhotsk 0.006-0.421/0.067 [70]
Amur Bay of the Sea of Japan 0.005-0.198/0.06 [70]
Svalbard Archipelago, Norway 0.01-0.08 [71]
The Barents Sea, seaward of the Eastern coast of the Kola | 0.15-0.80 [72]
Peninsula
The Gulf of Finland of the Baltic Sea, surface layer
(0-1 cm)
1992-1995 0.05-0.39/0.18 [73]
2001-2004 0.04-0.32/0.1 [74]
2012 0.04-0.1/0.07 [70]

(continued)
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Table 1 (continued)

Source of
Water object Hg, pg g’1 d.w. information
Poznan River, Poland 0.029-0.283/0.097 [75]
Marabasco River, and it’s delta, Mexico 0.002-0.022/0.009 [76]
Navidad Lagoon, the Gulf of Mexico 0.002-0.032/0.015 [76]
Mouth area of the Ob River of the Kara sea, Russia 0.010-0.065/0.033 [77]

The numerator contains the mercury content range; the denominator is the average data

it can be assumed that it was due to atmospheric transport of Hg from areas of the
Kola Mining and Metallurgical Company enterprises’ (ASC “Kola MMC”) opera-
tion. This assumption was indirectly confirmed by elevated Hg content in bottom
sediments of the rivers of the Kola Peninsula and the Kola Bay of the Barents Sea
(Table 1).

Bottom sediments of the rivers and canals with advanced navigation over a long
time contain significant amounts of Hg which exceed the background by 80 times
[58]. It should be noticed that the mouth area of the Northern Dvina River was used
as a transport artery, where the main watercourse and its ducts were navigable
channels.

4 Estuary of the Kem River

The rivers of the Onega Bay basin that are not subjected to direct anthropogenic
impact represent a valuable source of information on the background Hg content and
its behavior in the water of the marginal filter. The research work in the estuary of the
Kem River and the adjacent part of the Onega Bay of the White Sea was carried out
along three transects (Fig. 1). In the surface layer (0.0-3.0 cm) of bottom sediments,
samples were collected in which the contents of macro- and trace elements, includ-
ing Hg [38] were determined.

The total Hg content was determined in ten samples of bottom sediments col-
lected in the transitional and marine parts of the estuary. It varied from 0.006 to
0.07 pg g~ " d.w. (average 0.016 pg g~ ' d.w.). Here the catchment area of the White
Sea is composed mainly of Archean and Proterozoic rocks [78]. According to [79], a
poorly rounded sedimentary material fixed in the transition zone contains a mixture
of pelite with untreated pebbles, gravel, and sand of various dimensions as evidence
of an elementary stalling of material along a steep slope without its processing. In the
marine part of the estuary (in the depressions), the bottom is composed of sediments
of alluvial origin, rendered by strong tidal tides. At the same time, Demina et al. [38]
noted the complexity of dividing the estuarine water area into zones. The distribution
of Hg content along transects (Fig. 2) was not uniform and corresponded to pecu-
liarities of accumulation and composition of bottom sediments in the transit area.
In only one sample out of ten (station 125), the Hg content showed a significant
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Fig. 1 Scheme of the location of sampling stations in the Kem River estuary (compiled by [38])

0.07 Hg,
Ja Hg-g'd.w.

-

4 0.02
4 0.015
0.01

4 0.005
) ) o o §e§ rl\{e'r o .
L]
30 20 10 0 10
Distance from the river mouth, km

Fig. 2 Mercury content by sections (II-IV) in the Kem River estuary (compiled by [38])

excess over the background value established for the mouth area of the Northern
Dvina River [17]. In general, we may conclude that the total Hg content corresponds
to its natural distribution in the structure of minerals.

S The Mouth Area of the Kyanda River (The Onega Bay
and the Kyanda River Mouth)

The Kyanda River is one of the largest rivers flowing into the Onega Bay of the
White Sea, its length is 49 km, and the stream gradient is 2.55%o. The source of
the river is a swamp on the Onega Peninsula to the west of Lake Solozero (the source
of Solza River). In its course, the river flows through the riverbed Lake Kyandozero
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into the Onega Bay of the White Sea. The tributaries of the Kyanda River are Voya,
Malojma, and Chiksha. The Kyanda River is located in the North of the Arkhangelsk
region of Russia. According to [80], a characteristic feature of the Kyanda River is a
presence in its coastal zone of a wide strip of wetlands (floodplain) overgrown with
reeds. These sites are separated from the riverbed by a sandy riparian shaft (Fig. 3).

At the high tide level, the seawater percolates through sandy sediments. During
the low tide, water accumulated in sandy sediments infiltrates gradually in river
stock waters, thereby increasing their salinity. There are several watercourses
flowing into the Kyanda River with exclusively local toponyms (Pine Creek,
Black Stream) that are registered in the State Water Register [81]. The territory of
the Kyanda river basin is composed of thick Proterozoic clays, sands, and siltstones,
overlapped by the Quaternary sediments. This composition is determined by the
position of the Onega Peninsula in the northern part of the Russian platform, at the
junction of the Russian plate and the Baltic crystalline shield [82]. At low tide, width
of the drying zone in some places reaches 2.5-3.0 km. If sandy and silty deposits
predominate in the coastal section of the drying zone, stony ridges often occur in the
marine part of shallow water, protruding into the low tide and flooded into high
water period [80]. According to [83], for the sampling stations located in the drying
belt, the main component of the bottom sediments is silt, and its percentage varies
from 51 to 72%. In this zone, station OOB is located (Fig. 4). Bottom sediments
within the Kyanda riverbed are composed mainly by aleuritic-clayey silt with sand-
alluvial admixture usually wedging with depth.

Fig. 3 Sampling station 4SNYA during low tide
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Table 2 The total Hg content in bottom sediments of the Kyanda River

Hg content, pug g_l d.w. Standard
Distance deviation
Sampling | from the river | Coordinates of pgg!
station mouth, km stations Minimal | Maximal | Average |d.w.
OOB -1.5 N 64°16'45.1" 0.007 0.019 0.005 0.002
E 37°59'19.7"
01KU 0.5 N 64°17'08.8" 0.020 0.042 0.030 0.009
E 38°01'01.8"
12KM 2.0 N 64°17'08.1" 0.007 0.020 0.015 0.005
E 38°01'26.5"
03KL 33 N 64°17'20.8" 0.012 0.022 0.017 0.005
E 38°03'23.6"
45NYA 5.8 N 64°17'28.4" 0.012 0.020 0.015 0.003
E 38°05'18.9”
01KU-b 0.8 N 64°17'07.8" 0.024 0.075 0.036 0.019
E 38°01'07.7"

Based on analysis of the entire data set including all sampling depths, it was
established that the total Hg content in bottom sediments of the Kyanda River varied
from 0.007 to 0.075 pg g~ ' d.w. (0.022 pg g~ ' d.w. on average) (Table 2).

The occurrence frequency of the various Hg contents in the bottom sedi-
ments is shown on Fig. 5. One can see that most of samples with the low values
(<0.03 pg g~ d.w.) were confined to layers deeper than 10 cm. For the surface
layers (0-5 cm), a relatively uniform concentration distribution was typical for
Hg contents from 0.01 to 0.02 pg g~ d.w., and below the background content
(0.03 pg g~ ' d.w.) for the White Sea basin, there were 82% of determinations
[84]. It should be noted that the remaining 18% were confined to two stations with
a strong smell of hydrogen sulfide (H,S) in sediments.
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Fig. 6 Distribution of the mercury average concentrations in the surface layer of bottom sediments
along the transect “the Kyanda River-Onega Bay of the White Sea”

Further, we consider the distribution of the total Hg content along the river
profile. The lowest total Hg content was recorded for stations located outside its
main channel, namely, station OOB, located within the Kyanda Bay, and station
12KM, confined to the place of the confluence of the Malozhma River in the Kyanda
River and located 0.1 km from it (Figs. 4 and 6).

The Hg distribution in sediment core is uneven, with relatively low concentra-
tions in the upper layer (0-5 cm), high concentrations in the middle of the columns,
and further reduction in the lower layers. From the overall picture, station located
at the river mouth on the border with Onega Bay (p. OOB) stands out, for which Hg
content increased with depth (Fig. 7).

The highest Hg content was found at stations 01KU and 01KU-b, where bottom
sediments were composed of the silty material with admixtures of plant residues
smelled of hydrogen sulfide. Generally, the Hg content increased from the Kyanda
River mouth to the seaward, i.e., the Onega Bay. It should be noted that the natural
background total Hg concentrations in bottom sediments of the White Sea basin
(0.03 pg g~ ' d.w.) [20, 84] was exceeded in only two columns where a strong smell
of hydrogen sulfide was detected. This indicates the probability of formation of
mercury sulfides and its capture in the structure of iron sulfides.
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6 The Mouth Area of the Northern Dvina River

The Hg content in the bottom sediments of the mouth area of the Northern
Dvina River and Dvina Bay varied from 0.02 to 0.80 ug g ' d.w., averaging
0.135 pg g~ ' d.w. [16, 24]. An extremely high Hg content was found in bottom
sediments of internal ducts crossing Arkhangelsk. These abnormal values were
excluded when calculating average concentrations.

Distribution of Hg contents by frequency of occurrence in the general
data set (Fig. 8) showed that in 76% of cases Hg concentration did not exceed
0.2 ug g~ ' d.w. Elevated Hg concentrations (>0.4 pg g~ ' d.w.) were found in single
samples.

In the general dataset, 52.5% of Hg values exceeded 0.1 pg g ' d.w. in the
0-5 cm layer — in 50%, in the 5-10 cm layer — in 56%. Thus, the percentage of high
Hg values was more often observed in the 5-10 cm layer.

Based on the generalized results of long-term studies [24], a schematic map
was constructed (Fig. 9) which reflected spatial distribution of Hg contents in the
0-5 cm layer of bottom sediments in the mouth area of the Northern Dvina River.
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The averaged data were used to construct a map scheme. As can be seen from Fig. 9,
the bottom sediments of area influenced by Novodvinsk were the most polluted.
In this area the largest in the region pulp and paper factories operates.

In Novodvinsk and the downstream Port of Bakaritsa, the Hg content in the
bottom sediments varied from 0.2 to 0.3 pg g~' d.w. In the Kuznechiha channel
below the confluence of the Juras River and pier on the Solombala Island, Hg content
exceeded 0.18 pg g~ ' d.w. High Hg values were also determined in the bottom
sediments of Maimaksa channel nearby the Port Economy and Lesozavod No 24.

The elevated Hg values in the bottom sediments were revealed in the geochemical
barrier zone — the mixing zone of the river and sea waters (Fig. 9). When passing a
geochemical barrier, an active removal of Hg happens from the aqueous solution due
to its adsorption on the suspended matter followed by Hg sedimentation [12, 85,
86]. Mudyugsky Island acts as a mechanical barrier to the advancement of river
waters. Here, the water flow rate decreases, and the finely dispersed suspended
material is precipitated, which are the most enriched with Hg [11, 12, 24]. Such a
behavior of Hg is well explained from the point of view of the theory of marginal
filters [31], which includes the Northern Dvina Mouth. The considered site belongs
to the area of salty waters where there were an intensive redistribution of migration
forms and elevated Hg concentration in water [15, 19]. Such a mechanical barrier
can also contribute to the Hg accumulation in the bottom sediments in the area
of Novodvinsk where in the riverbed there are numerous islets and shoals. Thus,
environmental conditions combined with human-induced factors contribute to the
maximum values of Hg. The least polluted areas of the mouth region are located at the
station “Ust-Pinega”, also at the upper part of Nikolsky and Murmansk arms of the
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Povrakul’skie stvory; 12, Hydrolysis factory; 13, Solombala Island; 14, Molodezhny Island;
15, Top of the Delta; 16, Port Of Bakaritsa; 17, Novodvinsk; 18, Ust’-Pinega; 19, the Mouth of
the Pinega River; 20, Solombalka Channel; 21, Juras River; 22, Kuznechikha Channel; Lesozavod
No 29; 23, Kuznechikha Channel, below pulp and paper mill; 24, Kuznechikha Channel, above
pulp and paper mill; 25, Korabelny arm; 26, Murmansk arm; 27, Nikolsky arm

river. Areas of the bottom sediments with the average Hg content lower 0.1 ug g~ d.w.
were not exceed 30-35 % of total area investigated.

We have detected vertical variations in the Hg content in the sediment core.
The average Hg content in the upper layer (0-5 cm) was 0.11 pg g~ ' d.w. while in
the 5-10 cm layer 0.16 pg g~ ' d.w. These values are significantly higher than those
in the Kem and Kyanda Rivers, as well as the background Hg content, in the bottom
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sediments of the rivers entering the White Sea [17], and background world data
for freshwater basins and rivers (Table 1). The range of total Hg contents for the
Northern Dvina River is in good agreement with the values listed in Table 1 for
rivers of the European territory of the Russian Federation, including rivers of the
Kola Peninsula, Europe, Asia, Australia, North America, and the lower Amur basin.

The grain-size composition of bottom sediments is known to be one of the
important factors that determine the Hg accumulation. Table 3 shows the character-
istics of the main groups of the bottom sediments, the content of Hg and physical and
chemical environmental parameters (Table 3).

From Table 3, it follows that the maximum Hg values were detected in silty
and silty-sandy sediments. It should be noted that in 90% of the silty sediments,
there was a smell of H,S. In sandy fractions, relatively low Hg concentrations
were detected. Clay fractions were 4—7 times enriched in Hg compared to sandy
ones. We have revealed the Hg content variations in dependence of grain-size
composition of sediments at station ‘“Port Economy” (located in the main navigable
channel of Maimaksa) over 2004—2006. In 2004 there were predominantly sandy
sediments (Hg content 0.09 pg g~ ' d.w.), in 2005 silty-sandy ones (Hg content
0.48 pg g~' dw.), and in 2006 sandy-silty ones enriched in organic matter
(Hg content 0.11 pg g~ d.w.). The Hg concentrations in bottom sediments are
controlled by a pelitic fraction content, while the anthropogenic impact is related to
pulp and paper production wastes. In sandy sediments with relatively high values of
Eh and pH, low total Hg contents were typical. Earlier it was found that the
methylation rate of bivalent Hg in aerobic conditions is higher than in anaerobic
ones [87, 88]. However, at higher Eh values, when optimal conditions are created for
the functioning of Pseudomonas demethylating bacteria, elemental Hg or dimethyl
Hg may be formed. Since the Eh values in sandy bottom sediments (Table 3) do
not exceed the values from —100 to +150 mV, the main most likely form of Hg is
methyl-Hg. Reduction conditions prevail in bottom sediments that contain high
concentrations of pelitic fraction, organic matter, hydrogen sulfide, and methane.
It was found that methylating bacteria Clostridia predominate in anaerobic environ-
ment, whose highest productivity was observed at Eh about 0.0 mV [87-89].
Oxidation-reduction potential (ORP) in clayey-silty and silty sediments studied
was usually much lower, so when ORP drops to —100, the process of methylation
of Hg may be replaced with authigenic sulfides formation. While hydrogen sulfide
and hydrosulfide concentrations grow, methyl-Hg is transformed into dimethyl-Hg.
In sediments polluted by anthropogenic organic matter, methane can be generated
synchronously with sulfate reduction. This is facilitated by bacteria-methanogens
and other microorganisms whose enzyme systems contain methylcobalamin
coenzyme, a methylated form of B-12 vitamin, which acts a donor of methyl groups
[90-92].

Sedimentation in the mouth area of the Northern Dvina River is complicated
by tidal activity. During tidal and especially storm conditions, desorption of Hg
from resuspended uppermost sediments happens that resulted to its migration into
the near-bottom water. Pore water of the bottom sediments also contain dissolved
forms of Hg (methyl-Hg, Hg dichloride). However, the Hg content in the near-
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Table 3 Variations in pH and Eh value, content of CHy, C,; and Hg in the bottom sediments [16]

Methylmercury,
CH,, Hg, ng g’1 d.w.
The bottom sediment pg g~ ng g™ (calculated
description Eh, mV pH w.m. d.w. Corg, % | value)

; —229..473.0 | 7.71-7.80 | 027-0.30 | 0.04—0.09 |0.12—1.04 _
Saqd of different 55 e e e 0 0.05-1.57
grain sizes, washed,
often with man-made
material (glass, con-
crete, plastic, etc.)

o i | =644..-107.2]6.93-7.33 | 0.03-540 [0.02-0.15 |0.50-6.07 _
Satn(ily 51:}t1, contaml —T78 7.05 156 0.09 128 0.09-3.15
nated with waste
paper and pulp
production

_si —928..-150 |6.71-7.17 |0.11-21.00 |0.21-037 |3.78-27.95 _
Sandy-silt, sallndy.th —i 56 50 539 o 0.87-23.20
ooze, as a rule, wil
the hydrogen sulfide
smell

; ; —96.5..—176 | 6.58—7.56 | 2.03—45.50 | 0.10—0.80 | 11.10—40.30 _
Elzyey silt, ‘l’ggl the —130 6.90 14.80 035 1420 1.05-28.00
ydrogen sulfide

smell

The numerator is Hg content range; the denominator is the average value
w.m. wet mass

bottom water fluctuated slightly between periods of low tide and high tide
[15, 19]. That suggested a low influence of tidal activity on Hg desorption from
the upper sediment layer. A similar phenomenon was also noted for the Hudson
River mouth area [64], i.e., the tidal processes did not cause bottom sediments
erosion and Hg desorption.

Salinity in the near-bottom water of the barrier zone changes twice a day by 2%o
on average. In those parts of the river, where saline waters do not penetrate from
the Dvina Bay and where the sulfate content remains low, methanogenesis prevails
over sulfate reduction in bottom sediments and near-bottom water. According to [91]
under such conditions, the bacteria-methanogens are activated, and, as a result,
methane formation and methylation of Hg are intensified.

At sampling stations, where there was practically no influence of tidal activity,
mineralization of water is low and does not change, as well as, respectively, the
concentration of sulfate ions. Based on the above conditions and processes occurring
in the mouth area of the Northern Dvina River [16, 93] a spatial zoning scheme was
developed for the predominant forms of Hg in the upper sediment layer (Fig. 10).

Methylation reaction is one of the main processes of Hg compound trans-
formation in the water basins. These processes mainly determine its back diffusion
flow from bottom sediments [7]. According to the authors who studied equilibrium
processes in the model systems “water-bottom sediment-fish,” it follows that the
methyl-Hg content in the aquatic environment should not exceed 10% of the total
[87, 92]. For sandy sediments, it varies from 0.1 to 3.5% and for deposits enriched
with organic matter, up to 8%. In general, for the bottom sediments, the methyl-
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Fig. 10 Forms of mercury speciation, estimated for the surface layer of the Northern Dvina River
mouth area bottom sediments [16, 24]

Hg percentage of total Hg content lies within 0.1-10% [58, 90]. For the Canadian
and Japanese rivers, methyl-Hg accounts for 30% of the total Hg content
(2.2-7.0 pg g~ " d.w.) in water [92].

The synchronous determinations of dissolved and suspended Hg in water, as well
as methyl-Hg and total Hg in the bottom sediments of extremely polluted Temernik
River [91, 94], showed a similarity with the calculated data. The variation intervals
of methyl-Hg content [16, 24, 93] in the bottom sediments of the studied water area
(Table 3) were calculated based on experimental data on Hg content in the bottom
sediments combined with values of pH, Eh of sediments in the Northern Dvina
mouth area, as well as on available published data on proportion of total Hg and
methyl-Hg related to various physical and chemical environments.
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Bottom sediments with high portion of pelitic fraction are believed to contain an
increased content of methyl-Hg. However, for the pelitic sediments, the high H,S
content is characteristic, i.e., Hg methylation process is more likely to synchronize
with the sulfate reduction process [93]. Increased levels of sulfidic sulfur and
elemental sulfur were detected in the mouth area of the Northern Dvina River
at sites located below points of the pulp and paper factories’ sewage discharge
[95]. For example, for the Kuznechikha Channel, the concentrations of sulfur
compounds exceeded the values typical for the water areas located upstream of
the river as much as nine times. In sediments with negative Eh where H,S was
detected, the sulfate reduction dominate over methylation. Here the methyl-Hg
content does not reach the maximum possible for a given type of the bottom
sediments (0.87-28.0 ng'g ' d.w.). Sandy and sandy-silt sediments are character-
ized by relatively high values of Eh and high contamination by waste products of
pulp and paper production. From the theoretical point of view, these conditions are
favorable for methylation. However, taking into account the fact that the Hg content
is relatively low here, we assume the methyl-Hg content in the sediments should not
be also large. Based on our calculations, methyl-Hg content should lie within the
range of 0.05-3.15 ng-g ™" d.w. [16, 24, 93]. Of particular interest is the Hg behavior
in the bottom sediments formed at different salinity. According to some authors, in
marine sediment, the intensity of methylation was only 40% from that of freshwater
sediments, so high salinity contributes to Hg demethylation [96, 97].

The mouth area of the Northern Dvina River flowing into the White Sea is a
part of the marginal filter where natural processes and anthropogenic ones operate
immediately. The Hg content along with the technogenic radionuclides [98] in
the bottom sediments can be considered as an indicator of anthropogenic influence.
In this regard, the Hg behavior in bottom sediments was studied along a transect
from the Northern Dvina River marginal filter to the White Sea deep areas [17]. This
transect covered 520 km length and included 11 stations (Fig. 11, Table 4).

Overall, the Hg total content (pg g~ ' d.w.) varied from 0.018 to 0.4 in the river-
delta-sea section, from 0.04 to 0.4 (average 0.16) in the river-delta section (station
18-1), and from 0.02 to 0.4 (average 0.11) in the delta area (stations 9, 1, 34). At
sea stations 27, 20, 04, and 08, the total Hg content varies between 0.018 and

g
The White Sea e river delta Northern Dvina river
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" 380 ' 214 160 126 60 0 ' 204 ' 3 46 51 i 135
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Fig. 11 Distribution of average mercury content values in the upper layer of the bottom sediments
along the profile “Northern Dvina River-the White Sea”
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Table 4 The mercury content in the surface layer of the bottom sediments of the marginal filter the
Northern Dvina River—the White Sea

Distance from Mercury content, pg g’1 d.w.
the river mouth,
Sampling station km GPS Min Max Average
18 “Ust’-Pinega” 135 N 64°09.192" | 0.04 0.05 0.045
E 41°54.608’
16 “Port Of Bakaritsa” |51 N 64°28.85 0.22 0.37 0.3
E 40°36.514
15 “Top of the Delta” 46 N 64°31.398" | 0.05 0.18 0.15
E 40°33.182’
13 “Solombala Island” | 39 N 64°34.575 |0.13 0.21 0.17
E 40°30.038’
9 “Port Economy” 20.4 N 64°40.737" | 0.05 0.4 0.12
E 40°29.693’
1 “Mudyugsky island” |0 N 64°51.3' 0.15 0.22 0.2
E 40°15.0/
34 “Southern part of 60 N 64°50.56 0.02 0.047 0.033
the Dvina Bay” E 39°10.23’
27 “North-Western 126 N 65°02.45' 0.018 0.035 0.028
part of the Dvina Bay” E 38°00.22
20 “The White Sea 160 N 65°54.20' 0.03 0.095 0.057
Basin, Northern part” E 38°15.71'
04 “The White Sea 214 N 65°48.58' 0.022 0.05 0.031
Basin, Central part” E 36°45.90/
08 “Kandalaksha 380 N 66°29.10/ 0.024 0.046 0.03
Gulf” E 34°06.16

0.095 pg g~ ' d.w. (average 0.038). So, there is a distinct decrease in the total Hg
content in the seaward direction from the top of the delta to its marine edge.

Along the transect from the Port of Bakaritsa to the Mudyugsky Island, two peaks
of total Hg content are clearly seen (Fig. 12). The first Hg peak (0.30 pg g~ ' d.w.)
was detected in the river part of the transect (station 16, Port of Bakaritsa), where
a significant amount of the Hg coming from the Novodvinsk area was accumulated
on the gravitational barrier in the silty bottom sediments. The second Hg peak
(0.2 ug g~ ' d.w.) was found at station 1, Mudyugsky Island (Fig. 12).

In accordance with the theory of marginal filters, stations 15-9 can be attributed
to the gravitational barrier zone, where in the 1-15%o salinity interval, a mixing zone
of river and seawater is located. The heavy coarse-grained suspended particulate
matter is precipitated here, which is accompanied by an active adsorption and
co-precipitation of Hg with suspended matter on sinking particles. This process
took place till station 34. Part of transect between stations 9 and 1 is characterized by
the predominance of physical and chemical processes, primarily coagulation and
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Fig. 12 Sampling station “Mudyugsky Island,” mouth area of the Northern Dvina River (2006)

flocculation, over gravitational removal of suspended Hg from water. The bottom
sediments are represented here with sandy ooze and muddy sands. Between stations
1 and 34 there is a change in the granulometric composition of bottom sediments:
pelitic and sandy-silty fractions of the river estuary (Mudyugsky Island) replaced by
pelite-silty and pelitic ooze in the Central part of the Dvina Bay. This part of the
marginal filter can be attributed to biological zone with high content of biogenic
elements. Here, bioaccumulation of Hg occurs along with desorption processes.

According to the data [15, 24], redistribution of the proportion of dissolved and
suspended Hg was observed in the barrier zones described above. Up to 95% of
suspended Hg and up to 90% of dissolved Hg are removed from the water. The sea
part of the transect (stations from 27 to 8) was characterized by a relatively low and
uniform distribution of the total Hg content in the surface bottom sediments. The
exception was station 20 located in the central part of the sea near the border with the
White Sea Throat, where the influence of the Barents Sea waters was noticed
[99, 100].

It should be noted that the marginal filter of the Northern Dvina River contributes
to the Hg co-precipitation with the suspended matter of the bulk of anthropogenic Hg
and thus dramatically reduces the risk of Hg penetration into the White Sea and
partly with the inflow into the Barents Sea.
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7 Mercury in the Bottom Sediments of the White Sea

Based on the analysis of the entire data set, it was found that the Hg concentrations
in the bottom sediments of the White Sea vary within 0.006-0.095, averaging
0.024 pg g~ ' d.w. Distribution of the total Hg content in the White Sea was studied
based on bottom sediments sampled at stations shown, in Fig. 13.

The frequency of various Hg concentrations’ occurrence in the whole White Sea
bottom sediments was analyzed using a histogram (Fig. 14). The calculated average
content of the total Hg (0.024 pg g~ ' d.w.) regardless of the sampling depth was
plotted. It was found that in 65% of cases, the Hg content was below the average, and
in 46% of cases, the Hg values ranged from 0.01 to 0.02 pg g~ d.w. The highest
percentage (41%) of Hg concentrations falls on the deeper layers (below 10 cm) of
the bottom sediments.

For the upper 0-5 cm layer (Fig. 15), the highest percentage (41%) of Hg
concentrations occurs within the range 0.01-0.02 pg g~ d.w., 27% within the
range 0.03-0.04, 2% within the range 0.04-0.05, and 15% more than 0.05 pg g~
d.w. The Hg levels below 0.02 pg g~ ' d.w. were detected in less than 4% of cases.
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Fig. 13 Scheme of the location of sampling stations on the White Sea basin (1, compiled by [17];
2, compiled by [23]; 3, compiled by [38], 2005; 4, compiled by [49])
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Fig. 15 Frequency of occurrence of mercury content values in the bottom sediments of the White
Sea basin by the layers

For the layer 5-10 cm, the largest percentage of the Hg occurrence (39%) was within
the range 0.01-0.02 pg g~ ' d.w. and 32% for the range 0.02-0.03 pg g ' d.w. In
7% of cases in this layer, Hg values exceeded 0.04 pg g~ ' d.w. and were below
0.01 pg g~ " d.w. in 5%.

For the layer deeper than 10 cm, as for layers 5-10 cm, the largest percentage
(68%) of Hg contents was in the range 0.01-0.02 pg g~ d.w. and the smallest one
(3%) for values less than 0.01 pg g~ d.w. In this horizon, Hg contents greater than
0.04 pg g~ ' d.w. were not found.

Generalized scheme of spatial Hg distribution in the upper layer of bottom
sediments is displayed on Fig. 16. There is a tendency for Hg content to increase
from the low values in the Onega Bay, where the minimum metal content was found
at the mouths of the Kem and Kyanda Rivers, to higher ones in the central part of the
White Sea. Elevated Hg concentrations were detected in the upper layer of the
bottom sediments of the Dvina Bay and on the mouth of the Northern Dvina River.
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Fig. 16 Spatial mercury distribution in the bottom sediments of the White Sea (compiled by
[17, 38, 49])

The distribution pattern of total Hg concentrations in the vertical section
(0-15 cm horizons) of the White Sea bottom sediments is shown in Fig. 17. The
whole White sea (except Kandalaksha Bay) is characterized by the abrupt changes in
Hg concentrations with a general tendency to decrease with depth. The uppermost
horizon (0.0-1.5 cm) is characterized by low Hg concentrations, this is more likely
to be caused by erosion and oxidation processes at the water-sediment boundary.
The maximum Hg concentrations were revealed in the horizon 1.5-3.0 cm, while the
lower values (2.5 times less than in the upper horizon) were observed at horizons
7.5-10.0 cm. The latter was probably due to the increased content of iron sulfides
here.

Describing the distribution of Hg content by layers of sediment cores, we will
try to justify the peak concentrations. The first peak concentrations recorded at the
1.5-3.0 cm horizon may be attributed to period when an active phase of industrial-
ization of the area and the development of pulp and paper production have begun.
Meanwhile formation of the 1.5 cm layer corresponded to the period of industrial
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Fig. 17 Distribution of total mercury content in the vertical section of bottom sediments in the
White Sea. Sampling stations: 1, station 34 “southern part of the Dvina Bay”; 2, station 27 “north-
western part of the Dvina Bay”; 3, station 20 “the White Sea basin, northern part”; 4, station 04 “the
White Sea basin, central part”; 5, station 08 “Kandalaksha Gulf”

(the bold line indicates the average concentration in the sampling horizon)

boom, i.e., it covers the period up to the early 1990s of the last century. The
formation of high Hg concentrations at this time can be explained by Hg input
into the bottom sediments with the river runoff; besides, it could be also be due to the
global Hg falling out from the atmosphere [6, 101]. At several stations, there was a
peak at the 3.5-4.0 cm horizon (not so pronounced). Its formation could be related to
the global air mass transfer of Hg to the Arctic regions which resulted from
intensification of burning of coal, oil, and peat as well as during fighting on the
fronts of the World War I and Civil War. One can see from Fig. 17 that the presence
of bursts of Hg content in the underlying layers, in particular, at 7.0-10.0 cm
horizon, often coincides with the presence of greenish-gray sandy, clay-sandy
aleurite, hydrotroilite, or organic matter. It should also be noted that for all stations
except Kandalaksha Bay, the Hg content at these horizons of the bottom sediments
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did not exceed the background value determined for the White Sea as a whole. The
observed fluctuations of the Hg content which are not beyond the background range
should be regarded as resulted from the natural factors.

It is worth mentioning station 20 where the highest Hg concentration of
0.095 pg g ' d.w. that was formed in 1970-1980 was detected in the 1.5
2.0 cm horizon. The Hg content ranged from 0.012 to 0.095 (Fig. 17), averaging
0.024 pg g~' d.w. Station 20 (81 m depth) is located in the Northern part of the
central part of the White Sea (Fig. 13). This area is most remote from both the direct
impact of industrial companies and shipping, as well as from the river runoff
transport paths. So we may suppose that the main source of Hg entering the Sea
is atmospheric fluxes, whose Hg contents were related to the time of industrial
activity [85, 101]. In addition, station 20 is located southwest to the White Sea
Throat which is known to transfer more saline waters inflowing from the Barents
Sea [99]. Thus, formation of the high Hg concentrations was probably due to its
co-precipitation with suspended matter promoted by interactions of waters of dif-
ferent salinity at contact of the Barents and White Sea water. This version was
indirectly confirmed by the data on elevated total Hg content in the bottom sediments
of the Murmansk Bank located in the Barents Sea not far from the Throat of the
White Sea [72]. Down the core, a monotonic decrease in the Hg content was
observed. In general, the vertical distribution of Hg in sediment core at station
20 is rather uneven.

Station 08 located in the Kandalaksha Bay, the sediments we taken from a depth
of 298 m (Fig. 13). The Hg content here varied from 0.006 to 0.046, averaging
(0.029 4 0.003) pg g~ d.w. At this station, unlike the others, a monotonous increase
in the Hg content from the upper layers to the 7.5-10.5 cm horizon was detected,
where it reached a maximum (Fig. 17). Further, down the core, an abrupt decrease in
Hg concentration was observed. We propose that such a type of Hg distribution
down the core could be called an “inverted” one that could be formed due to the
bottom sediments’ redeposition. The reason for this may be both of the natural and
anthropogenic origin. It is known that the Kandalaksha Bay belongs to the seismi-
cally active zone of the White Sea. The spatial-temporal distribution of the focuses of
tangible earthquakes in the Kandalaksha Bay was given in [102]. Over the period
from 1847 to 1995, three cycles of migration of the focuses were identified: (1) from
1847 to 1935, (2) from 1935 to 1970, and (3) from 1970 to 1990. It was noted that
the predominant directions of migration of tangible earthquakes focuses were spa-
tially close to tectonic faults. In opinions of these authors [102], the Kandalaksha
Graben is a structure, within whose branches there was a cyclic migration of
earthquake focuses, that resulted to formation of landslide processes. Landslides
can also be caused by the freezing blows (frost cracking of the soil and ice in water
bodies). When the ice was cracked, its impact on the Bay coasts took place which, in
our opinion, could initiate landslide processes. According to studies [103], the
station 08 is located in the zone of landslide processes.
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In the Kandalaksha Bay, construction of the channel and extension of the tank
farm were accompanied by the use of explosions. According to [104], this has led to
a change in the current lithological situation. There was a replacement of bottom
sediments, accompanied by deposition of the lower horizons over the upper ones.
We believe that was caused by slide of more contaminated surface sediments into the
deeper areas of the Bay. Now these more polluted layers are covered with less
polluted layers of bottom sediments. The most polluted areas of the Kandalaksha
Bay are its edge parts that were revealed by data analysis over the period of
1996-1999 [104]. In most cases, the decreased Hg concentrations in the 0-1.5 cm
horizon were observed.

At all sampling stations, with the exception of station 08, there were areas
influenced by bottom erosion resulted from storms. Besides, the Hg content might
be caused by its desorption from the uppermost O—1.5 cm sediment layer into the
near-bottom water, where an oxidation conditions promoted the Hg precipitation. It
is known that the Hg demethylation processes prevail at high positive Eh values, the
products of these processes might be Hg®, CH,, or Hg(CH3),. Further the low soluble
dimethyl-Hg due to photo-oxidative degradation can be transformed into Hg®. Below
the redox barrier, there is a reducing condition, where formation of sulfides of Hg and
Fe occurs. The Fe sulfides tend to capture Hg in their matrix. The next peak of Hg
content recorded for all stations at the 7.5—10 cm horizon was possibly associated
with an elevated concentration of Fe-sulfides, low values of ORP, and consequently
binding of Hg in these layers.

The background value of the total Hg concentration for the White Sea basin was
established as 0.03 pg gf1 d.w. [17, 20, 22, 84]. The correctness of this value is
confirmed by the fact that about 80% of the bottom sediment samples contain Hg less
than 0.03 pg g~ ' d.w. This value is comparable to the average Hg content in the
bottom sediments of the Arctic Seas and does not exceed the Hg content in the
background areas of the globe [2, 24].

By use of the background Hg content, its percentage of anthropogenic origin in
bottom sediments was calculated [22]. The highest percentage of anthropogenic Hg
was recorded in the upper 0.0-5.0 cm horizon, where it varied on average from 4% at
station 04 to 47% at the station 20. In the underlying layers, the share of anthropo-
genic Hg was very small, and only in the 0.5-10.0 cm horizon at station 08, it was
about 20% on average. From our data, bottom sediments deeper than 10.0 cm
horizon, excluding station 08, were not influenced by anthropogenic activity, and
the Hg contents in these layers should be referred as the background ones. The
portion of anthropogenic Hg was high at stations 1, 9, 13, 15, and 16 of the mouth
area of the Northern Dvina River where it reached up to 85-94%. This is signifi-
cantly higher than at station 34 located in the outer part of the Dvina Bay where
the content of anthropogenic Hg was 36%. This fact speaks in favor of the efficiency
of the marginal filter in the system of the Northern Dvina River — the White Sea.
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8 Conclusions

The distribution of total mercury content in bottom sediments along the 500 km
transect, including stations in the estuary area of the Northern Dvina River and
deepwater areas of the White Sea and Kandalaksha Bay, has been studied. The
background content of Hg was determined to be 0.03 pg g~ ' d.w. Marginal filter “the
Northern Dvina River-the White Sea” is a barrier for Hg transportation to the open
part of the White Sea. The total Hg contents in the bottom sediments of the small
Kem and Kyanda Rivers flowing into the Onega Bay were similar and corresponded
to its natural distribution in the lithogenous matrix. An elevated Hg content in the
upper layer of sediments was determined seaward the Kyanda River mouth. The
background of Hg content here was exceed only in two cases, for bottom sediments
with a strong smell of H,S, which indicates the probability of formation of Hg-
sulfides and its capture in the structure of Fe-sulfides.

Comparative analysis of Hg concentrations in the upper layer of bottom sedi-
ments showed that their greatest values were characteristic for the Northern Dvina
River estuary. They were significantly higher than that in the Kem and Kyanda
Rivers, the background Hg content in the bottom sediments of the rivers inflowing
the White Sea, as well as the world data for background freshwater bodies and
watercourses. At the same time, the range of total Hg concentrations in bottom
sediments of the Northern Dvina River was comparable to that for rivers of the
European territory of the Russian Federation; watercourses of the Kola Peninsula,
Europe, Asia, Australia, and North America; and the lower Amur River basin located
in areas of chronic anthropogenic impact. For the Northern Dvina River, the methyl-
Hg content variations were calculated and spatial distribution pattern of the predom-
inant Hg forms in the upper horizon of bottom sediments was developed. For the
White Sea, the vertical distribution of Hg mercury in the sediment cores was shown;
a tendency to decrease down the core has been revealed for the Hg content.
The percentage of the anthropogenic Hg was calculated in the bottom sediments
of the White Sea: the highest percentage was recorded in the 0.0-5.0 cm horizon,
where it varied from 4% in the central part of the basin to 47% in its Northern part.
The share of anthropogenic Hg was very high (85-94% from total content) in the
Northern Dvina River estuary and delta stations. That was significantly higher than
that in the outer part of the Dvina Bays, i.e., far from the Northern Dvina River mouth
where its content was 36% on average. That is an additional argument for the
efficiency of Hg removal over the marginal filter “the Northern Dvina River-the
White Sea.”
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Abstract The White Sea is an inner subarctic marine basin where sedimentation
is known to be influenced by mostly terrigenous processes. In the catchment area
of the White Sea, a lot of the mining, manufacture, and pulp and paper industry
plants are located whose solid and liquid wastes contain heavy metals, including the
toxic ones. Through the solid and dissolved river runoff, atmospheric fluxes, and
coastal abrasion, heavy metals enter the seawater where they are involved in various
biogeochemical processes before to be precipitated on the sea floor. Many studies
of marine sedimentation concern total metal concentration; meanwhile, an assess-
ment of contribution of different biogeochemical processes stays incomplete. In this
chapter, we try to evaluate the partitioning among the different forms (speciation) of
heavy metals that reflect principal processes of their accumulation in the modern
bottom sediments of the White Sea. We study both the rock-forming (Al, Fe, Mn)
and trace elements (Mo, Cr, Ni, Co, Cu, Pb, Cd, and As) by use of a modified method
of selective sequential chemical leaching.

A spatial distribution of the occurrence forms of these elements in the surface
sediments was estimated, while their analysis in high-resolution (1-cm-scale) sedi-
mentary core lets us to study their behavior in the processes of early diagenesis.
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Our data evidenced a correctness of using Al as element indicator of terrigenous
deposition in the marine bottom sediments. In both oxidized surface sediments and
high-resolution sedimentary core, geochemically inert lithogenic form of Al domi-
nated absolutely (on average, 95% of total content). Predominance of lithogenic
form of Fe, Cr, Ni, and As (68—85% for each of these metals, on average) suggested
the major role of terrigenous processes in their accumulation. For Cu, Cd, Pb, and
Co, the sum of the three labile forms (adsorbed on clays/carbonates, authigenic
Fe-Mn oxyhydroxides, and organic matter) and the inert lithogenic form contributes
approximately equal portions into accumulation of these metals in the White Sea
bottom sediments. Mn and Mo were found to be the most labile metals: only till 10%
in the lithogenic form in the upper 0—-6 cm layer, while down the core portion of this
form increased progressively.

A detailed record of Mn and Fe occurrence forms revealed that a ratio of Mn/Fe
in the labile (absorbed/carbonate and authigenic Mn-Fe oxyhydroxides) forms has
changed abruptly during early diagenesis. The Mn/Fe ratio was the highest in the
1-2 cm upper oxidized sedimentary layer, decreasing sharply at intervals 6-7 cm in
the White Sea, staying constantly low in deeper sedimentary layers. From this we
suppose Mn/Fe ratio to be applied as a proxy of the early diagenesis of the bottom
sediments.

Keywords Bottom sediments, Diagenesis, Occurrence forms, Trace metals, White
Sea

1 Introduction

Investigation of physicochemical occurrence forms of elements allows to quantify
the contribution of various biogeochemical processes in their accumulation in
bottom sediments. On the study of chemical element migration, it is important to
distinguish among the two basically different occurrence forms: (1) geochemical
labile ones providing exchange and mobilization processes and (2) geochemical
inert ones or lithogenous when elements are fixed in crystalline lattices of clastic and
clay minerals. The proportion of chemical elements’ occurrence forms is controlled
by such lithological-geochemical parameters as grain-size and mineral composi-
tion, moisture’s content, organic carbon content, and redox potential. The study of
physicochemical occurrence forms of trace elements in the sedimentation processes
began about 40 years ago [1-5]. It was established that in the suspended particu-
late matter (SPM) in the surface water of the tropical Indian and Pacific Oceans,
trace metal accumulation has resulted mostly (to 90%) from biogenic processes
[6, 7]. This was evidenced by predominant contribution of the hydrogenous forms
(absorbed and bound to organic matter) averaged about 70% for Fe, Mn, and Zn and
about 90% of Cu in the total metal content in SPM. The contribution of the
hydrogenic forms of Al, traditionally regarded as an indicator of terrigenous input,
reached 55% in SPM of subtropical water of the Indian Ocean [6].
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In surface bottom sediments of the pelagic zone of the Pacific, trace elements are
accumulated mainly due to biogenic and hydrogenic processes and in all the types
of pelagic sediments of the Pacific and Indian Oceans [5]. In the recent 20 years,
investigation of global biogeochemical cycles of iron, which limits the phytoplank-
ton growth thus affecting the climate change, was enforced. In some publications
[8—10], to distinguish and evaluate the different geochemical processes (mobiliza-
tion in the river flow, transformation in the river-sea mixing zones, sedimentation in
the marine basins), analysis of the occurrence forms of heavy metals by the method
of sequential chemical extraction was used.

In the Arctic seas, the river runoff, aerosols, melting sea ice, coastal abrasion,
and urban activity are the basic sources of chemical elements [11, 12]; there, one
could see a different proportion of the occurrence forms. In surface sediments of
the Barents Sea and the Dvina Bay of the White Sea [13], as well as in the Kara Sea
[14], a predominance (over 60% of total content) of geochemically inert forms of
Fe, Zn, Co, Cr, Ni, and Pb has been found.

Sedimentation in the subarctic White Sea takes place under the prolonged
ice-covered periods, low water temperatures, and high hydrodynamics, coupled
with semidiurnal fluctuations in the sea level [15-18]. One of the characteristic
features of the White Sea is a presence of cyclic tidal currents with velocities up to
100-200 cm/s that cause turbulent mixing of water at depths up to 70 m. Direct
determinations of vertical fluxes of dispersed sedimentary matter, first made in
the White Sea [19], have revealed a irregularity of input of sedimentary material to
the bottom over this basin. Annually vertical fluxes of sedimentary material
displayed a maximum value (2,758 g m 2 yearfl) in the frontal zones (Gorlo and
Solovetsky Islands) and minimum one (51 g m~ 2 year ') in the central part of the
White Sea [11, 17]. In the near-bottom water, the sedimentary matter collected
by sediment traps was dominated by abiotic components: quartz (29%), clay min-
erals (30%), feldspars, and carbonates (15%); organic matter amounted to 26%, on
average [18, 19].

Aluminum, as one of the major rock-forming elements, is often used as normal-
izer for other elements to estimate of aluminum silicates contribution in sediments.
However, according to Yudovich and Ketris [20] in the case of a small portion of
terrigenous material (Al content is <3-5%), this approach seems to be unacceptable.
Terrigenous material plays a predominant role in composition of the bottom sedi-
ments of the White Sea [11, 16-18]. In this regard, it is of interest to quantify a
contribution of terrigenous processes and to clarify the role of the diagenetic changes
during accumulation of aluminum, iron, and trace elements in sediments as well.
Quantification of physicochemical forms of Al, along with data on mineral carriers
of trace metals and grain-size analysis of bottom sediments of the White Sea, was of
paramount importance.

Reduction of ice cover and permafrost layer, which was recently observed in the
Arctic basins, leads to increased river runoff and change in its chemical composition
[12]. These factors obviously have impact on changes of migration forms of
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chemical elements during sedimentation processes. However, an incomplete under-
standing of how various environmental factors of sedimentation in the Arctic affect
the occurrence forms of heavy metals at different stages of sedimentation still
remains.

The aim of this chapter is to obtain quantitative estimates of geochemical
processes’ contribution in the heavy metal accumulation in bottom sediments of
the White Sea. An instrument for this investigation was the physicochemical speci-
ation of Al, As, Fe, Cd, Cu, Co, Cr, Mn, Mo, Ni, and Pb in the bottom sediments of
the surface layer and in the high-resolution sediment core.

2 Materials and Methods

In this work, we investigated surface sediments sampled by box corer “Ocean-0.25"
(n = 30) along with the two transects: the axial transect 1 from the Dvina Bay to
Kandalaksha Bay and the Onega transect 2 from the mouth of the Onega River to
the Solovetsky Islands (Fig. 1). From these areas, the dry samples were taken for
analysis, which were obtained during the expeditions of the IO RAS in different
years. In addition, samples of natural moisture and undisturbed texture, as well as the
pore waters, were collected from the high-resolution (1-cm-scale) sedimentary core
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Fig. 1 Location of sampling stations of surface bottom sediments sampling, position of the axial
(1) and Onega (2) transects, and core sediment Station 1404
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(n = 37). These samples were captured by the use of Neimisto tube (46 cm core
length) in 2014 in the expedition of the research vessel “Ekolog” at Station 1404
(65°23,291' N; 37°14,773" E, water depth 150 m), located in the outer part of the
Dvina Bay (Fig. 1).

Using plastic knife, undisturbed sediment core (44 cm length) was divided into
18 samples, each 1-1.5 cm thick. On board, samples of pore waters were separated
from wet sediments by centrifugation (300 rpm), followed by filtration through the
nuclepore filters. Samples of pore waters prior to analysis were acidified using
ultrapure 65% HNOj; to pH = 2. In stationary laboratory, samples of pore water
were diluted 1:10 with deionized water before trace metal analysis. The sediment
samples of natural moisture were placed in hermetically closed polymer bags, which
were then kept in a fridge until the samples were analyzed. In stationary laboratory,
sediment samples were analyzed for natural moisture content (by weighting method)
and grain-size composition (by means of water-mechanical analysis) [21]. In addi-
tion the contents of organic (C,,) and carbonate carbon (C.,y,) were measured in the
dried samples on Express Analyzer, a 2970-n with accuracy of 0.1%.

Quantification of physicochemical forms of Al, Fe, Mn, Cu, Cr, Co, Mo, Ni, Pb,
Cd, and As from the surface layer (0-5 cm) was made by the sequential leaching
procedure from the dried samples (500 mg weight) of surface bottom sediments and
from wet samples (1,000 mg weight) collected from 46 cm core length (discreteness
1-2 cm) at Station 1404. The chemical element occurrence forms (speciation) were
distinguished as follows:

Form-1 — elements adsorbed on clay particles and associated with carbonates
(reactant: mixture of 25% acetic acid and acetate buffer [22]).

Form-2 is amorphous Fe-Mn oxyhydroxides and associated trace metals (Chester
reagent; [23]).

Form-3 — bound to organic matter (OM) and sulfides (reactant, 0.02M HNO; + 30%
H,0,; [24]).

Form-4 or a lithogenous one is a residual solid that contains metals fixed in the
crystal structures of detrital and/or clay minerals (complete decomposition with
mixture of concentrated HNO5; and HF).

The first three forms (1-3) contribute to assess the geochemically labile metals,
whereas the form-4 is a geochemically inert one, containing metals in primary and
secondary minerals.

Concentrations of heavy metals (Mn, Fe, Pb, Cd, Co, Cu, Cr, Mo, and Ni) in the
obtained solutions and diluted pore waters have been analyzed by atomic absorption
spectrometry on KVANT-2A (Kortek, Russia) and by inductively coupled plasma
mass spectrometry (ICP-MS Agilent 7500a, United States). The accuracy of the
analysis was controlled by replicate analyses of internationally certified standard
samples of bottom sediments (NIST 2703 and GSD-2 and GSD-6). The differences
between the tabulated and measured metal concentrations were within 5-18%.
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3 Occurrence Forms of Chemical Elements in the Surface
Layer of Bottom Sediments

The lithological and geochemical characteristics of the bottom sediments studied are
listed in Table 1.

On the axial section from the Dvina Bay (13 m water depth) to the Kandalaksha
Bay (340 m water depth), content of natural moisture in sediments was highly
variable — from 18.2 to 61.0% depending on grain-size and mineral composition.
The content of pelite fraction (<0.01 mm) varied also considerably from 20.2 to
89.0%, as well as the sand fraction did (from 2.6 to 75.2%). It should be noticed that
these two contrary fractions changed in inverse proportion at every station. It is
known that sediments with predominance of fine-grained clay fraction can adsorb
larger quantities of metals due to their physicochemical properties (high specific area
and cation exchange capacity), compared to sandy sediments. The C,;; and Ce
contents varied within the limits of 0.37-3.41 and 0.9-11.2%, respectively; their
elevated contents were detected usually in the fine-grained sediments. Recently, it
was established that difference between C,, contents in sandy and pelitic sediments
reached four- to sevenfold, while the Kandalaksha Bay sediments are enriched in
Corg compared to average values for these types of sediments for the White Sea [25].

Mineral phases of sediments are known to be the main carrier of various chemical
elements. According to data on the quantitative powder X-ray diffraction (Brucker
Company, Germany), the dominant portion (63.3% on average) of the White
Sea bottom sediments is composed by clastic minerals (quartz, feldspar, etc.) [26],
rather than by clay minerals (montmorillonite, illite, kaolinite, etc.), as it was earlier
considered [15].

3.1 Rock-Forming Elements

Aluminum and iron are important constituents of the mineral phases that form rocks
of lithosphere. Our data suggest that portion of Al in lithogenous form Al-4 varied
from 95 to 99% of total content Al (98% on average). It means that almost the whole
Al is fixed in crystal structure of clastic or/and clay minerals. In the latter, Al serves
as a principal structure element. These mineral forms are supplied into the White Sea
primarily through to the river runoff, as well as by aerosol material, and as a result of
coastal abrasion.

Based on small quantity of biogenic components BSi (opal), ranging from 0.5 to
6.3%, and low content of C,,, (Table 1), one may suggest a terrigenous origin of
these sediments. Let us test this by distribution of the Al and Fe occurrence forms.

Aluminum On the axial transect 1 from the Dvina Bay to Kandalaksha Bay, the
total Al content ranges from 4.4 to 7.4, averaging 6.1% dry w. Lower Al contents
(on average, 5.05% dry w.) were detected in coarse-grained (silty and sandy)
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sediments on the shallow transect 2 from the mouth of the Onega River to the
Solovetsky Islands. In these sediments, with large portion of sandy material, 99% of
the total Al content was fixed in lithogenous form (clastic and clay minerals). Thus,
our data confirm the totally terrigenous origin of Al, as well as the well-known
regularity that the coarse-grained marine sediments are commonly depleted in
Al. The content of the form Al-2 (associated with Fe-Mn oxyhydroxides) was
negligible (<0.5%), which allows us to conclude about the absence of Al adsorption
on amorphous Fe-Mn oxyhydroxides.

Iron In sediments along the axial transect 1, the lithogenous form Fe-4 is the
dominant; it amounts 79% on average of total Fe content. Similarly to Al, the total
content of Fe is lower in shallow sediments (at depth <50 m) compared to deep
stations of the central part and the Kandalaksha Bay (Fig. 2a). The maximum total Fe
content (6.8%) was found at Station 4928. As can be seen from Fig. 2a, this was
mostly provided by a large portion of the form Fe-2, i.e., amorphous oxyhydroxides,
although for all samples the percentage of this form was 16% on average of the Fe
total content. In shallow sediments of the Kandalaksha Bay, as well as along the
Onega Bay transect 2, where content of the sand fraction reached 85%, the total Fe
content was almost twice as less, while portion of the lithogenous form Fe-4 was
much larger (Fig. 2b) than that in deep-sea sediments with a predominance of pelitic
fraction. From this, it follows that increase in portion of fine-grained sediments leads
to growth of the Fe labile fraction, i.e., authigenic amorphous Fe oxyhydroxides.
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Fig. 2 Occurrence forms of Fe in surface bottom sediments at the axial transect from the Northern
Dvina mouth to Kandalaksha Bay (a) and at the Onega transect from the Onega River estuary
seaward (b). Legend: form-1 is metal adsorbed on clay particles and associated with carbonates;
form-2 is amorphous Fe-Mn oxyhydroxides and associated heavy metals; form-3 is metal bound to
organic matter; form-4 is a residual solid or lithogenous form that contains metals fixed in the
crystal structures of detrital and/or clay minerals (complete decomposition with mixture of concen-
trated HNO; and HF)



Occurrence Forms of Heavy Metals in the Bottom Sediments of the White Sea 251

In surface sediments of the Dvina Bay and the central part of the White Sea
(Stations 4928-4931) with increased content of pelitic fraction, the portion of the
Fe-2 form (amorphous Fe oxyhydroxides) was also increased till 40% on average.
The main “supplier” of Fe in the White Sea basin is the Northern Dvina River runoff,
where percentage of amorphous Fe oxyhydroxides accounted for about 20% on
average [27]. So we may suppose that geochemical labile Fe forms in the river
suspended particulate matter are not only “inherited” but also “multiplied” in the
surface marine sediments due to the diagenetic processes, as it will be shown below.

Marine sediments of the continental margins contain around 50% of Fe in the
lithogenous form; the geochemical labile Fe oxyhydroxides amount on average
27%, while the less labile Fe (magnetite, organic matter, sulfides) accounts for
23% of Fe total content [10]. These data are in rather good agreement with the
results we have obtained.

Manganese The proportion of the Mn forms can be called the opposite ones to
that of Al. Along the axial transect 1, 93% on average of Mn total content was
represented by the sum of geochemical labile forms (Mn-1, Mn-2, and Mn-3) with a
clearly predominant portion (75% on average) of the amorphous Mn oxyhydroxides
(form Mn-2). Percentage of lithogenous form accounted for less than 10% on
average. Along the transect 1, total Mn content varied from 0.5 to 4.7% dry w.; its
increase resulted from growth of amorphous Mn oxyhydroxides. The lithogenous
form (Mn-4) remained constantly low (<10%) along this transect 1. The increased
Mn total contents (with maximum 4.7% dry w.) were found in the deep Kandalaksha
Bay sediments, as well as in the central part of the White Sea. Here, the high
Corg content (1.5-2%) and the predominance of pelitic fraction (up to 90-95%) in
sediments was detected [25]. Both these factors are known to promote an intensive
formation of the Mn oxyhydroxides. Our data does not confirm the asymmetry in
the Mn distribution pattern along the axial profile: a maximum in the Kandalaksha
Bay (0.7%), intermediate content (0.1-0.5%) in the central part, and a minimum
(<0.05%) in the Dvina Bay, noted earlier [28].

The main process of Mn accumulation in shallow sediments along the Onega
transect 2 has proved to be a formation of amorphous Mn oxyhydroxides (75% of
Mn total content), while its total content (average 0.1% dry w.) was almost three
times lower than that on the axial transect 1. This may be caused by predominance of
the coarse-grained fraction in sediments. We could not notice any regularity in Mn
forms’ distribution. However, one can say only that in sediments of central deeper
part of the Onega Bay, the total Mn content was higher compared with the coarse-
grained nearshore areas, as well as near the Solovetsky Islands (Station 4705-1). In
these areas, the percentage of lithogenous form Mn-4 was found to be a maximal
(42% of total Mn).
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3.2 Heavy Metals and Metalloid As

Heavy metals and As are known to occur in bottom sediments in the concentrations
commonly less than 100-200 pg/g dry w.

Chromium Distribution of Cr occurrence forms is close to Al, namely, the distinct
predominance of lithogenous form, averaging 79% of total Cr content. Remaining
portion of Cr is in adsorbed form (Cr-2), mostly in association with Fe-Mn
oxyhydroxides. The elevated and even high Cr concentrations (70-118 pg/g dry
w.) were detected in the shallow sediments (Stations 4712 and 4713) of the central
part of the Onega Bay, in nearshore part of the Kandalaksha Bay, as well as in
estuary of the Northern Dvina River. That was obviously due to the fact that sandy-
silty sediments of these hydrodynamics active environments contain an essential
portion (to 10%) of heavy minerals fraction with a specific gravity of 2.9 g/cm’;
among these minerals, there are grenades or uvarovite which contains Cr as an
accessory element [29]. On the other hand, totally sandy sediments of the shallow
Onega Bay are characterized by low Cr content (<20 pg/g).

One important fact should be noted: at both transects, summary Cr content in
labile forms (Cr-1, Cr-2, and Cr-3) is rather small (20% on average). Along both
transects, it changes slightly, while an increase in Cr total content was more likely
caused by increase in its lithogenous form.

Cobalt Our data suggest that Co is more labile in the White Sea bottom sediments
compared to Cr and Ni: an average percentage of the Co lithogenous form (Co-4)
accounts for 35% of its total content. A significant amount of Co (maximum 67%,
and 50% on average) was accumulated in sediments of the both transects due to
adsorption processes (the sum of the forms of Co-1 and Co-2); a significant contri-
bution was also made by the organic form (Co-3): 15% of the total. The total Co
content in sediments of the axial transect 1 was on average three times higher than
that of the Onega transect, with the highest concentrations (0—12 pg/g) recorded in
the sediments of the Dvinsky Bay and the central part of the White Sea (Fig. 3a).
Here, against the background of the constancy of the Co lithogenous form (Co-4),
change in the Co total content was determined by the form Co-2, i.e., adsorption
processes onto amorphous Fe-Mn oxyhydroxides.

The Co content decreased two to three times in the nearshore part of the
Kandalaksha Bay; here contribution of lithogenous form varied greatly. The same
could be noted about the Onega Bay sediments (Fig. 3b). There, we have revealed a
significant variation in both the total Co content (within five times) and the propor-
tion of its lithogenous and hydrogenous forms that apparently reflected the unstable
sedimentation conditions.

Nickel The Ni distribution pattern has a close resemblance with Co, differing in
details. We may conclude that terrigenous material (mostly clastic minerals) was a
main factor in the Ni accumulation in sediments. The maximum total Ni content
(93 pg/g dry w.) was determined in the fine-grained sediments of outer part of the
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Fig. 3 Occurrence forms of Co in surface bottom sediments at the axial transect from the Northern
Dvina mouth to Kandalaksha Bay (a) and at the Onega transect from the Onega River estuary
seaward (b). Legend: see at Fig. 1

Onega Bay (Station 4713), where Ni occurred almost absolutely (up to 95% of its
total content) in lithogenous form. In the White Sea as a whole, this form accounts
68% on average of the total Ni content, while the contribution of hydrogenous
processes, firstly adsorption and biogenic processes (forms Ni-1, Ni-2, and Ni-3),
constitutes 25% on average. It should be noted that the sum of these three labile
forms reached up to 60% only at some stations of the central part of the Sea, as well
as in the Kandalaksha and Onega Bays. Along with that, in the shallow coarse-
grained sediments of the Onega Bay, the Ni total content (similar to that of Cr) was
very low (about 10 pg/g dry w.) Fine-grained pelitic sediments at the axial transect
contained more Ni (36 pg/g dry w. on average). In the same way, as for the Cr, the
change in the Ni content on both transects was provided by lithogenous form’s
increasing or decreasing, which was probably connected with changes of grain-size
composition of sediments which are under the control of hydrodynamic factors.

Cupper In the White Sea sediments, majority of Cu occurs in the labile geochemical
forms (sum of Cu-1, Cu-2, and Cu-3) constituting from 55 to 88% of the total content
(70% on average). The deeper sediments lay, the more percentage of the fine-grained
fraction and the higher Cu content is in sediments. The Dvina Bay and the deep part
of the Kandalaksha Bay displayed an almost constant distribution of Cu total —
10.5 pg/g dry w. on average (Fig. 4a). This value is significantly (two times) higher
than that in the shallow Onega Bay (Fig. 4b).

Such a distribution pattern of Cu is similar to Fe and Co (see above). A distinctive
feature of the Cu from other metals is that organic matter plays an essential role in
its accumulation in the bottom sediments: the Cu-3 form accounted 35% of the total
Cu content on average. The largest portion of Cu bound to organic matter (form
Cu-3) was determined in fine-grained sediments of the Dvina Bay (Station 4924,
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Fig. 4 Occurrence forms of Cu in surface bottom sediments at the axial transect from the Northern
Dvina mouth to Kandalaksha Bay (a) and at the Onega transect from the Onega River estuary
seaward (b). Legend: see at Fig. 1

Fig. 4a) and the Kandalaksha Bay (Station 4932), as well as in the silty-sandy
sediments of the Onega Bay (Station 4709, Fig. 4b). The substantial formation of
the Cu-organic complexes may be referred to a specific biogeochemical property
of Cu that is characteristic not only for bottom sediments but also for marine and
ocean suspended particulate matter enriched in biogenic (plankton) substance
[7, 30]. The same proportion of Cu (35% of total content) was accumulated in
sediments as a result of adsorption processes (sum of Cu-1 and Cu-2 forms). On
the other side, the maximum Cu total content (10.8 pg/g dry w.) was recorded at the
relatively “deep-sea” Station 4709 (56 m depth) (Fig. 4b). There, we found a high
portion of organically bound Cu (50%), while the sandy fraction was also large
(about 50% of sediment mass). So, it is rather difficult to discern any regularity in the
Cu forms’ change along this transect.

Lead The mean Pb concentration in the White Sea sediments was detected as
12.5 pg/g dry w.; this value is close to background values (14.2 pg/g dry w.) [31].
From our data, it follows that the main process of Pb accumulation in bottom
sediments is adsorption on amorphous Fe-Mn oxyhydroxides (Pb-2 form) and on
clay minerals (Pb-1 form) contributing, respectively, 60 and 18% of Pb total content
on average. Percentage of lithogenous processes’ contribution did not exceed 20%
on average, and it has proved to be almost constant in sediments. The Pb distribution,
both of its total content and forms, has proved to be different along the both
transects. In fine-grained and enriched in C,, (up to 2.5%) sediments of the
Kandalaksha Bay, the mean Pb total content (17 pg/g dry w.) was higher by a factor
of three compared to that in the shallow coarse-grained sediments of the Onega Bay
(Fig. 5a, b). However, in both cases, a growth of Pb total content resulted from the
adsorption complex (Pb-1 and Pb-2 forms) whose contribution increased till 95% in
sediments at some stations.
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Fig. 5 Occurrence forms of Pb in surface bottom sediments at the axial transect from the Northern
Dvina mouth to Kandalaksha Bay (a) and at the Onega transect from the Onega River estuary
seaward (b). Legend: see at Fig. 1

Cadmium The total content of Cd in the sediments ranges from 0.06 to 0.18 (0.10
on average) pg/g dry w. That is slightly lower than background value for Arctic areas
—0.14 pg/g dry w [31]. Similarly to Mn, distribution of the Cd forms was charac-
terized by an absolute predominance of geochemical labile forms (Cd-1, Cd-2, and
Cd-3), totaling from 73 to 90% (87% on average) of Cd total content for the whole
White Sea. Adsorption processes on the clay particles (Cd-1 form) and amorphous
Fe-Mn oxides (Cd-2 form), contribute 77% in sum. In organic matter (Cd-3 form),
there were only 10%. From this it follows that increase in Cd total content was
mainly caused by the labile forms in the White Sea sediments. The total Cd content
at both transects was approximately the same, although the peak Cd content
(0.18 pg/g dry w.) was recorded in shallow water (<40 m) sediments (Station
4712) at the Onega transect where the contribution of lithogenous form was also
significantly higher (up to 50% of the total) than that at the axial transect 1.

Arsenicum According to AMAP [32], in the bottom sediments of the most polluted
Mediterranean Sea ports, the As total content reached 99 pg/g dry w., with up to 35%
of As being adsorbed on the Fe-Mn oxyhydroxides and about the same amount
associated with organic matter and sulfides. Only 17% of the As total concentration
was detected in lithogenous form. Meanwhile, in relatively uncontaminated Medi-
terranean Sea areas, very low As total content was detected (11 pg/g dry w.), of
which about 30% were fixed in lithogenous form. Rather low As mean content
(23 pg/g dry w.) was found in the silty-pelitic Baltic Sea bottom sediments nearby
the burial place of chemical weapons [33].
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According to our data, the average As total content 26.3 pg/g dry w. somewhat
exceeded the background value (20 pg/g dry w.). Proportion of the As forms was
characterized by a distinct predominance of lithogenous form: 75% of the As total
content. Adsorption processes, mainly on amorphous Fe-Mn oxyhydroxides (form
As-2), contribute only 20% As into sediments, while forms reflecting association
with organic matter and adsorption on clay minerals As-1 almost have no signifi-
cance (5% of As total content). An increased content of the As adsorbed form (up to
50% of total content) was determined in silty-pelitic sediments of the White Sea
central part, as well as in the Kandalaksha Bay deep area, whereas the As
lithogenous form dominated strongly (85-90% of the total As) in the shallow
areas of the Kandalaksha and Onega Bays. In the latter, As total content was
significantly less compared to deeper sediments of the axial transect 1.

Statistical processing of the whole dataset obtained by applying the R-factor
analysis was performed. The type of factoring has been selected as the principle
components with the varimax rotation. The aim was to evaluate contribution of
biogeochemical processes (nine factors) to the trace metal accumulation in the
surface bottom sediments of the White Sea. The variables of factor analysis included
the physicochemical occurrence forms of trace elements and basic geochemical
parameters (Coyg, Cear, BSi), as well as depth of the sampling station. As a result,
nine factors accounting for 85.2% of the variability in the dataset were obtained
(Fig. 6).

Lithogenic
8,3%

Exchangeable complex
15,5%

Organic matter
13,3%

Other factors
5,7

Sulfides
4,84

Fe-Mn oxide
38,1%

Fig. 6 Assessment of different factors that influence heavy metal accumulation in surface bottom
sediments of the White Sea based on R-factor analysis, PCA type, varimax method
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From Fig. 6, one can see that accumulation of trace metals in the surface sedi-
ments is influenced by adsorption processes on the Fe-Mn oxyhydroxides (38%) and
exchangeable complex on clay minerals (15.5%) whose sum contribution accounts
for about 54%.

Comparison of our average data on metal forms in surface layer of bottom
sediments with similar data on suspended matter of the Northern Dvina River [27]
let us to elucidate in the first approximation what changes undergo the metals in river
suspended load during sedimentation in the White Sea. From Fig. 7, it can be seen
that the partition of metal occurrence forms in the Northern Dvina River’s particulate

1|@Form-4
| |[EBForm-3
W Form-2
-/ |@Form-1

% of total content

W Form-4
E Form-3
M Form-2
-1 |BForm-1

% of total content

Al Cr Ni Fe Cu Co Mn Pb Cd

Fig. 7 Comparison of partition of occurrence forms of Al and heavy metals (% of total content) in
suspended particulate matter of the Northern Dvina River (a) [27] and in surface bottom sediments
of the White Sea (b). Legend: see at Fig. 1
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matter (Fig. 7a) and surface bottom sediments (Fig. 7b) is generally similar. During
the migration from the mouth of the Northern Dvina River in Dvinsky Bay and
further seaward to the central part of the White Sea, partition of the Al, Fe, Cr, Co,
and Ni forms exhibits the smallest change while that of Mn — the largest one. In the
surface 0—5 cm layer of bottom sediments, Mn becomes the most mobile due to the
reducing diagenesis, as it will be shown below. The Cd, Cu, and Pb content in
geochemical labile form-1 and form-2 was noticeably higher in the surface sedi-
ments compared to river suspended particulate matter. Obviously these heavy metals
were mobilized during precipitation of suspended particles when passing through the
water column due to the adsorption on Mn-Fe hydroxides.

4 Occurrence Forms of Heavy Metals at the Early
Diagenetic Stage

Diagenetic changes in bottom sediments begin immediately after the deposition of
dispersed sedimentary matter, followed by the long-term transformation of sediment
into sedimentary rocks, such as sediment consolidation and changes in the mineral
and chemical composition. Early diagenesis starts on the bottom water-sediment
contacting zone in the surface layers. Early diagenesis involves various processes,
primarily redox processes, which accompany the transformation of organic matter
(OM), as well as sediment consolidation due to decrease of its water content and
transformations of its mineral and chemical composition [34].

In the uppermost sediment layer, the biogeochemical processes with the partic-
ipation of heterotrophs and autotrophs are the most intense [35]. In the central part of
the White Sea, diagenetic processes resulted in the organic matter oxidation that has
led to a reducing environment in sediments [36]. The concentrations of geochemical
reactive Fe and Mn occurrence forms strongly changed with depth [28, 37]. Species
of the reduced sulfur, as derivatives of bacterial hydrogen sulfide, have a tendency
to precipitate already in the upper sediment layers, and their contents increased with
depth [38, 39].

By the use of a Neimisto tube, as well as Multicorers samplers, we have got a
possibility to study diagenetic processes correctly due to sampling undisturbed
sediment layers of high resolution (at scale of <1-2 cm). Site 1404 that we tested
is situated at a terraced continental slope in the central part of the White Sea. The
slope is covered with Holocene sediments, in which according to classification of
[40], a pelitic fraction (particles <0.01 mm) dominated: the content of this fraction
in the sediment core varied from 85.05 to 95.77% (Fig. 8a).

The uppermost layers (horizon 0—6 cm) composed of oxidized brown silt were
enriched in water: the maximum water content was 77.34% in 0—1 cm layer. Below
this, in the 2-5 cm layer, oxidized sediments become the grayish brown color and
then the olive-gray ones. The lower portion of the examined core (from 6 to 44 cm)
was fairly homogeneous, was more dense (the average density is 67.10%), and was
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Fig. 8 Grain-size composition (a), concentrations of Corganics Cearbonates ad SiOapio (b) in sedi-
mentary core at Station 1404 (65°23,291' N; 37°14,773' E, water depth 150 m)

dominated by gray pelitic ooze (90-95%) with minor admixtures of sand and gravel
(2.58 and 0.21% on average, respectively) (Fig. 8a). The sediment layers deeper than
6 cm contain nodules of amorphous Fe sulfides and were riddled with randomly
oriented burrows filled with hydrotroilite (FeS-nH,0), which suggested the condi-
tions were reduced. The bottom sediments contain relatively little Cors (<2%) and
CaCO; (< 1% on average) that are typical of Arctic shelf seas [41, 42]. The content
of Cy gradually decreased with depth as much as twice (Fig. 8b). Given the
insignificant variations in the pelitic fraction’s content, this suggests that organic
matter was oxidized down the core.

Concentrations’ limits and average values of elements studied in the 44 cm
sediment core are listed in Table 2, where one can see that variations in contents
were rather different for different elements. The largest difference between the
minimal and maximal contents could be seen for Mn (100-fold) and Mo (40-fold),
while for the rest of elements, variations did not exceed fourfold. This evidently
could testify by indirection a high geochemical lability of Mn and Mo.

Aluminum The geochemical inert lithogenous form of Al was absolutely prevailed
throughout the core length constituting on average 97% of the total content (Fig. 9a).

This fact reflects the predominance of terrigenous material in the bottom sedi-
ments of the White Sea [18, 19], as well as it confirms the correctness of applying the
Al as an indicator of terrigenous input to bottom sediments. The total Al content’s
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Fig. 9 Partition of the Al (a) and Mn (b) occurrence forms in sediment core at Station 1404.
Legend: see at Fig. 1

distribution displayed a trend to increase down the core from its minimal value (2%)
in upper layer to 5.5% at the core bottom. It could be explained by growth of the river
runoff in the Russian Arctic which has increased over the past 80 years [42] and
earlier, which led to the increased supply of terrigenous material.

Manganese Within the 0—6 cm layer Mn was almost completely (90-95% of its
total content) constituted of amorphous oxyhydroxides (form-2). Total Mn concen-
tration has drastically decreased within the 0—6 cm layer from 4.42 to 0.15%
(Fig. 9b) by a factor of about 30, and the concentration gradient (grad Mn = AC/
AL) was 4.42-0.15%/6 cm = 0.71%/cm. The redox potential Eh in the near-bottom
water of the White Sea varied from +225 to +471 mV [36, 38]; however, in the upper
0-20 cm layer of bottom sediments, a negative Eh (—176 mV) was detected, which
implies a presence of sulfate reduction. Under conditions of oxygen loss which
was spent for organic matter oxidation, the diagenetic process became a reducing
one when fast reduction of Mn(IV) to Mn(II) and migration of the latter into the
pore water took place. This was suggested by drastically increased concentration
of dissolved Mn in the vertical profile of the pore water — from 1.2 mg/l at 0-2 cm
horizon to 18 mg/l at 6 cm horizon, these high values remained at greater depths
(Fig. 10). The low Mn concentration in the pore waters in the upper 0-2 cm layer
(1.2 mg/l) was more likely caused by the diffusion fluxes from sediments to near-
bottom waters, as it was established earlier [28, 36, 38, 43, 44].

Deeper the 6 cm horizon, Mn occurred mostly in form-1 (Fig. 9b), which controls
exchange processes between the pore water and sediments. Our data show that
Mn-1 form and carbonate content are directly correlated (R2 = 0.89) varying
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synchronously down the core; it may suggests that Mn is mostly contained in
carbonate minerals mostly in this form-1. The content of lithogenous form Mn-4
varied rather insignificantly.

Iron Unlike Mn, the dominant quantity of Fe (80% on average throughout the
sediment core) was determined in lithogenous form (Fe-4), whose content rose
downward. Only within the 0-6 cm layer, Fe was roughly equally distributed
between amorphous oxyhydroxides (Fe-2 form) and lithogenous form (Fe-4).
Deeper than 6 cm, the form-2 decreased noticeably, and lithogenous form was
prevailing down the core. The Fe concentration in pore water increased from
2.1 mg/l at the 0-2 cm horizon to 6 mg/l at 6 cm (Fig. 10), so concentrations of Fe
dissolved in pore water did not display such a sharp increase with depth as the Mn
did. That could be explained by a different kinetic of the Fe and Mn redox processes,
namely, Fe is oxidized faster than Mn in reducing environments, while Mn is
reduced more fast than Fe. This apparently could result in low value of concentration
gradient of the amorphous Fe oxyhydroxides (0.06%/cm), which was almost one
order of magnitude smaller than that for the Mn oxyhydroxides (0.71%/cm).

The Mn/Fe ratio is conventionally used to estimate the oxygen paleodynamics
[45] and, hence, the redox parameters of the sedimentation. A novelty of our
approach is to show Mn/Fe ratio expressed not only as total content of Mn and Fe
but as a ratio of their occurrence forms (Fig. 11).

So the high value of Mn/Fe ratio should reflect a predominance of the Mn
geochemically labile forms over that of Fe. If to consider a Mn/Fe ratio’s distribution
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Fig. 11 Change in Mn/Fe ratio in geochemical labile forms along the sediment core at Station 1404

pattern along the core Station 1404, one may notice that after the peak of the ratio of
the Mn/Fe labile forms (adsorbed form-1 and oxyhydroxides form-2) at horizon
1-2 cm layer, the Mn/Fe ratio sharply decreased at 6 cm horizon and remained
constantly low down the core (Fig. 11). Such a sharp decrease in the Mn/Fe labile
forms’ ratio apparently was due by their desorption while pH decreased. During the
oxidation of organic matter in the sediment core, value of pH commonly decreases;
this phenomenon was firstly described by Yu Gursky [37]. From this one may
suppose that below the 6 cm horizon, the early diagenetic processes in sediments
started to stabilize. It should be noted that according to the lithological description
in many layers, the hydrotroilite concretions were noticed, which can also serve as
manifestation of reducing diagenesis.

Molybdenum Molybdenum, along with Mn, is one of the most sensitive metals
to changes in redox conditions, both in the near-bottom water and in sediments.
For Mo it is characteristic to be adsorbed or onto the amorphous Mn oxyhydroxides
or to be associated with sulfidic minerals [46]. From our data, a distribution of
Mo, especially of its labile forms, is similar to Mn: in the 0-2 cm layer, the Mo
displayed the total concentration peak (24 pg/g dry w.) followed by a sharp downfall
to 3.1 pg/g dry w. at 6 cm horizon (Fig. 12a).

From Fig. 12a, one can see that this abrupt drop was evidently caused by the Mo
labile forms, associated with Mn oxyhydroxides (Mo-2 form), as well as adsorbed
onto the clay minerals (Mo-1 form). Unlike Mn, a distinguishing feature of Mo was
a relatively high Mo content in form-3 (bound to organic matter and/or sulfides).
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Fig. 12 Partition of the Mo (a) and Cu (b) occurrence forms in sediment core at Station 1404.
Legend: see at Fig. |

Percentage of the Mo-3 form content in the 0—6 cm layer was comparable with that
in the Mo-2 form content —40% of the Mo total concentration on average. Below
the 6 cm layer, the total Mo content was no higher than the Mo mean content in
lithosphere (2 pg/g dry w.).

Chrome and Nickel Cr and Ni were closest to Al in terms of the lithogenous form’s
contribution: 90 and 75% on average, respectively, of total content. The minimum
of Cr and Ni total content coincided with the lithogenous form’s minimum was
detected in the uppermost oxidized fluffy layer (0—1 cm). On the contrary, the peaks
of lithogenous forms of Cr and Ni were found in the 8—16 cm layer with an increased
proportion of silt and sand fractions. The contribution of lithogenous form seemed to
be risen down the core, while proportion of their geochemically mobile form-1,
form-2, and form-3 decreased. However, there was a difference between the Cr and
Ni vertical distribution: the Cr lithogenous form absolutely dominated throughout
the core, while in the surface 0—8 cm layers, the Ni adsorption on amorphous Fe-Mn
oxyhydroxides plays a noticeable role (to 25% of total content).

Cobalt From our data, Co is a more labile heavy metal compared to Cr and Ni:
about 33% on of total Co content was accumulated in sediments due to adsorption
processes (sum of forms Co-1 and Co-2) and binding to organic matter and/
or sulfides (form Co-3). Similar to Mn, Fe, and Mo, the Co labile forms have a
significant proportion (48% on average) in the upper 0—6 cm layers; the main part
belongs to adsorption on the amorphous Fe-Mn oxyhydroxides. The thickness
of 0—6 cm was formed over the last 5075 years [47]; thus we may conclude that
the recorded Co-2 form’s peaks reflected a contribution of anthropogenic
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components in the accumulation of Co. Namely, in this time period, the industry
related to Co mining was developed.

Copper Contribution of the Cu labile forms (Cu-1, Cu-2, and Cu-3) exceeded 50%
on average throughout the core, i.e., a little more than that for Co. A distinctive
feature of Cu was its tendency to be bound to the organic matter: about 25% on
average throughout the column while in the surface layer — up to 40% (Fig. 12b). In
oxidation processes of organic carbon followed by strengthening of reducing con-
ditions down the core, the form Cu-3 could possibly be composed not only of
organic matter but both of the Cu adsorption complex on sulfides. About 10-20%
of total Cu content was accumulated in sediments due to adsorption on amorphous
Fe-Mn oxyhydroxides. In the surface layers (up to 10 cm), percentage of the Cu
labile forms was elevated similarly to Fe, Mn, Mo, and Ni. Peaks of total Cu content
were detected in the horizon 9 cm that formed within 100 years, possibly due to an
anthropogenic factor.

Cadmium and Lead From our data, these toxic heavy metals are characterized
by increased contribution of adsorption processes to their accumulation in sedi-
ments. In the Cd accumulation, the two types of adsorption have approximately an
equal contribution amounting to 35% of total content: on amorphous Fe-Mn
oxyhydroxides (form Cd-2) and on clays (form Cd-1) (Fig. 13a).

As to processes that control the Pb accumulation, the adsorption on amorphous
Fe-Mn oxyhydroxides dominated (form Pb-2) absolutely reaching up to 60% of
labile forms’ sum. The proportion of these geochemically labile form exceeded the
lithogenous form in most layers, especially in the surface layers (to 9 cm), where

Cd, pg/g DW As, yg/g DW
0 0,05 01 0,15 0,2

Horizon, cm
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Fig. 13 Partition of the Cd (a) and As (b) occurrence forms in sediment core at Station 1404.
Legend: see at Fig. 1
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the processes of Cu and Pb binding with organic matter (forms Cd-3 and Pb-3) are
important. Lithogenous forms (Cd-4 and Pb-4) have a minimal contribution in the
surface layers, displaying a tendency to slight increase down the core. As a whole,
the accumulation of Cd and Pb in the vertical profile of the sediment core has
resulted from hydrogenous processes, and only to 30-40% it was related to terrig-
enous processes.

Arsenic According to our data, two different types of accumulation of metalloid
As have been revealed in the sediment core. In the surface layers (0—10 cm), As was
accumulated due to mainly (50% of total content) adsorption on amorphous Fe-Mn
oxyhydroxides (form As-2) and to a lesser extent (15%) adsorption on clay minerals
(form As-1). Down the core, the role of both these geochemical-mobile forms was
significantly decreased, and below the 23 cm horizon, the lithogenous form As-4
was dominant (Fig. 13b). Along with this, the As total content was also considerably
reduced from the upper layers to the lower ones: from 36 to 22 pug g ' dry w. It
should be noted that the elevated As concentration (>30 pg g~ ' dry w.), as well as
large percentage of the labile forms in the nearshore marine sediments of the
Mediterranean Sea, testified on their pollution [32]. So we can propose that the
high enough As content in uppermost layers (07 cm) resulted from anthropogenic
influence over recent 100 years, while elevated As content in deeper part of the core
was due to geochemical transformations in the processes of early diagenesis.

Based on the average sedimentation rate in the White Sea, being equal to
1-1.5 mm/year [47], and assuming that this rate did not considerably vary, the
high-resolution analysis of the bottom sedimentary core (with 1-2 cm discreteness)
allows us to estimate short-term (10-15 years) variations in the heavy metals
accumulation. A 10-cm-thick layer was deposited over span of 120 years when
the anthropogenic load increased because of progress in the local mining industry.
This fact likely correlates to peaks of Cd concentration in the 1-2 c¢cm horizon of
sediments accumulated 10-30 years ago, as well as to peaks of Cu, Pb, Ni, Cr, and
Co in the 7-8 cm horizon which was formed approximately 70-100 years ago.

5 Conclusions

For the first time, based on the analysis of physicochemical forms of metals, the main
processes that control accumulation of heavy metals (Mn, Fe, Mo, Cr, Ni, Co, Cu,
Pb, Cd, As), in the Holocene bottom sediments of the White Sea, have been
quantified.

In the oxidized surface bottom sediments of the White Sea, lithogenous form that
reflects a contribution of terrigenous material predominated for rock-forming ele-
ments Al and Fe (98% and 79% of the total on average, respectively), for Cr (79%)
and Ni (68%) which are fixed in the crystal structure of accessory minerals, as well
as for metalloid As (75%). This confirms the major contribution of terrigenous
processes in the White Sea sedimentation. On the other hand, some for certain
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elements, the geochemical properties of elements are of importance in their occur-
rence forms’ partition. The Mn which is known to be the most redox sensitive metal
demonstrated the greatest contribution of geochemical labile forms (on average
85% of its total content). The major Mn occurrence forms were the amorphous
oxyhydroxides and associated with carbonate minerals. For the other heavy metals
(Cd, Pb, Co, and Cu), the labile forms also predominated (>65% of total content
of each metal). Among heavy metals studied, Cu and Mo showed a tendency to
be essentially accumulated in association with organic matter (35-40% of total),
whereas adsorption processes on amorphous Fe-Mn oxyhydroxides contributed the
largest proportion of Pb (60% of total content) and that on clay minerals — of Cd
(55% of total content).

The increased contents of geochemical labile forms of metals were found mostly
in the fine-grained pelitic sediments which have high adsorption capabilities.
Decreased total metal contents were generally recorded in shallow water (depth
less than 40 m) bottom sediments of the Gulf of Onega where silty-sandy fractions
dominated as usual in the grain-size composition. An increasing order of the average
percentage of the elements’ labile forms in the surface bottom sediments was as
follows: Al < Fe, Cr < As < Ni < Co < Cu < Pb < Cd < Mn.

Based on the total heavy metal content, we may consider the White Sea bottom
sediments as uncontaminated ones due to low anthropogenic activity in its basin.
The exception was As whose average content was found to lay in an intermediate
position between the strongly polluted sediments of some ports and the clean bays
of the Mediterranean Sea.

In the White Sea, the behavior of trace elements in the processes of early
diagenesis was in fact unknown up to date. We were the first to apply a modified
method of sequential chemical leaching to recognize differences in the trace metal
behavior during early diagenesis of the Holocene bottom sediments based on
the high-resolution analysis (1-2 cm scale). A detailed record of the Fe, Mn, Al,
Cr, Co, Mo, Ni, Cd, Cu, Pb, and As behavior within the 44 cm sediment core was
documented by their occurrence forms. In most cases, there was a significant
increase in the proportion of geochemical labile metal forms in the 0-6 cm layer.
There, we have detected the maximum content of Fe and Mn in the two labile
(absorbed/carbonate and authigenic Mn-Fe oxyhydroxides) forms. The Mn/Fe ratio
in these forms has been strongly changed during early diagenesis. Values of the Mn/
Fe ratio (sum of the two labile forms) were the highest in the 1-2 cm upper oxidized
sedimentary layer, decreasing sharply in the 6-7 cm horizon, and remained con-
stantly low in deeper sedimentary layers. We suppose Mn/Fe ratio to be applied as a
proxy of the early diagenesis of the bottom sediments.

Throughout the 44 cm sediment core, lithogenous form of Al, Cr, and Ni
accounted 97, 86, and 68% on average of total content of each metal correspond-
ingly. The sum of three labile forms of Cu, Cd, Pb, and Co (adsorbed on clays/
carbonates, authigenic Fe-Mn oxyhydroxides, and bound to organic matter) and their
inert (lithogenous) forms contributes approximately equal portions into accumula-
tion of these metals in the bottom sediments. Mn and Mo were found to be the
most labile metals: only till 10% of their total content occurred in lithogenous form



268 L. L. Demina et al.

in the upper 0-6 cm layer, while down the core portion of this form increased
progressively. A diagenetic alteration of most elements (except Al, Cr, and Ni) took
place in the uppermost sediment horizons.
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Abstract The content and composition of aliphatic and polycyclic aromatic hydro-
carbons in bottom sediments of different areas of the White Sea were studied during
low and high waters to estimate the contribution of oil components. It was shown
that hydrocarbon (HC) distribution on the border of the Northern Dvina River —
Dvina Bay is influenced by the processes that take place in the marginal filter (the
riverine-seawater mixing zone) and cause the precipitation of major part of pollut-
ants. With the increase of particles’ grain-size, the HC adsorption capability of
sediments rose to a lesser extent comparing to the C, adsorption. Therefore, the
sandy sediments were more enriched in hydrocarbons than the silty ones. The rapid
transformation of petroleum low-molecular hydrocarbons leads to the fact that most
resistant terrigenous alkanes dominate in the bottom sediments. The separating lakes
of the Rugozerskaya Bay were good examples to show that natural processes can
form high levels of hydrocarbons in sediments, while their concentrations in the
composition of C,,, did not exceed 1%.
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1 Introduction

Oil and its components are among the most common pollutants in the marine
environment, whose integrated research is in the focus of attention in many countries
and on the international level [1-3]. Environmental risks and oil transference
problems have been known for a long time, and such operations would probably
never be completely safe.

Due to hydrophobic properties, crude oil (especially its heavy fractions) is easily
adsorbed by suspended particulate matter and, together with it, is deposited to the
bottom. As some studies show [2—4], similar processes are typical for a narrow
coastal zone and shallow water with a high content of suspended matter, especially
clay minerals. In these conditions, the concentration of oil in the clay fraction can
reach 120-300 pg/g of suspended matter [4], while in river and estuarine waters, it
can reach up to a several percent of the suspended matter weight. As the temperature
decreases, the accumulation of oil in suspended matter increases [5]. In conditions of
permanent oil pollution, the ratio of dissolved to suspended forms of oil in the
marine environment varies in an extremely wide range (from 0.1 to 10 times),
depending on the particular combination of environmental factors, the content of
suspended matter, and also the composition and properties of oil.

Immersion, i.e., removal of heavy aggregated oil from the surface layer of the sea
into bottom sediments, takes place when oil drops interact with suspended matter.
This happens in two situations [2, 6]: immediately after a heavy oil spill, if its initial
density was higher than the sea water density, and some time after the spill of heavy
oil, the initial density of which was slightly less than 1, but then increased as a result
of weathering or by injection of sand particles into liquid oil, carried to reference
zone from the sandy beach.

Another mechanism of the oil and suspended matter’s interaction in seawater is
the flocculation of mineral (mostly clay) particles of micron size on the surface of
water-dispersed oil drops [7].The resulting stable water-oil-mineral complexes (such
as flocculated emulsions) limit the coalescence of oil drops, prevent them from
floating to the water surface, slow down the oil weathering processes, increase the
rate of its biodegradation, and promote sedimentation of oil to the bottom [8]. Exper-
imental work and field observations after oil spills (especially during the accident of
the Exxon Valdez tanker) have shown that oil flocculation processes contribute to its
accumulation in the littoral [7]. As follows from the world statistics, such scenarios
are observed quite often (about 20% of the episodes) under conditions of heavy oil
and oil product spills [2, 9]. Cases of precipitation of oil of the average density in the
water column due to its emulsification are known, but in these cases, oil remained in
a flooded state and did not reach the bottom [10].

Model calculations have revealed [11] that oil can persist for a relatively long
period of time on condition that it remains under a snow-ice cover, or under layers
of bottom sediments brought by winds and/or water currents, or if it penetrates
deeply into bottom sediments, or that it forms bituminous layer. The depth of oil
penetration depends on the particle grain-size and its viscosity. Viscous oil and
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mousse (water-oil emulsion) usually penetrate not as deeply as low-viscosity oil
(in particular, diesel fuel). The oil penetration through muddy sediments occurs
more intensively than through sandy deposits. Another mechanism is also possible:
the supply of organic compounds (OC) from muddy sediments to bottom water
(secondary pollution). Therefore, even in the deep waters of the central part of the
White Sea and the Throat, the content of the OC near the bottom may be higher
than that on the surface [12]. The most rapid increase of OC concentrations was
observed in water samples with an undisturbed sediment layers taken from the
Neimisto tube: up to 906 pg/L for hydrocarbons in suspended matter. The increase
of the OC in the near-bottom layer is considered as a result of bottom erosion and
resuspension. The OC content is affected by the sediment dispersion. Apparently,
the secondary migration of the OC is a fairly common process, since in those cases
when the bathometer touched the bottom, a significant increase in the content of
particulate HCs was observed in the samples [13].

In the White Sea, future environmental deterioration of the marine ecosystem is
associated with the industrialization of the coast. In particular, the throughput
capacity of the Arkhangelsk terminals increased [14]. The marine traffic also
increased, especially the reloading of oil and petroleum products that may cause
an increase in the flow of anthropogenic hydrocarbons in the sea area. In addition, a
significant part of pollutants in the White Sea comes from the river inflow from self-
contained paper mills, fuel and energetic development, the river and marine traffic,
and others [15].

2 Sampling and Analyses

Bottom sediments were sampled by the “Ocean” bottom grab sampler. HCs were
extracted by methylene chloride previously dried at 50°C bottom sediments by use
of the “Sapfir” ultrasonic bath. Before extraction, a 0.25-0.5 mm size fraction was
separated by sieving. The concentrations of HCs were analyzed after column
chromatography on silica gel. HCs were extracted by hexane, while PAHs were
extracted by a mixture of hexane and benzene (3:2) [16]. The concentrations of HC
were measured by IR spectroscopy using of wavelength of 2,930 cm™" in a mixture
of 37.5% isooctane, 37.5% hexadecane, and 25% benzene [17] on an IRAffinity-1
(Shimadzu). The organic carbon in the particulate matter samples was determined by
dry combustion with an AH 7560 analyzer. The concentrations of HCs in sediments
and C,,, were calculated using the coefficient 0.86 [3].

The composition of alkanes was analyzed by the capillary gas-liquid chromatog-
raphy (column 30 cm long, liquid phase ZB-5) on an Intersmat GS 121-1 chromato-
graph equipped with a flame-ionization detector at a programmed temperature rise
from 100 to 320°C with a rate of 8°/min. The content and composition of PAHs were
analyzed by highly efficient liquid chromatography on an LC-20 Prominence
(Shimadzu) chromatograph with the EnviroSep PP column thermostat at 40°C in a
gradient mode (from 50 vol % of acetonitrile to 90%) and a rate of eluent flow of
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1 em®/min. Individual PAHs were determined using RE-20A fluorescent detector
with programmed wavelength absorption and extinction. Calculations were
performed using LC Solution software. The instrument was calibrated using indi-
vidual PAHs and mixtures were produced by Supelco.

3 Results and Discussion

Bottom sediments of the White Sea by grain-size composition are commonly
referred to pelitic and aleurite-pelitic fractions. The content of pelitic fraction in
sediments ranged from 65 to 80% with a maximum content in the deepwater part of
the basin. The highest content of sands was found in the Northern Dvina avandelta.
All bottom sediments contain a significant amount of aleuritic particles [18].

3.1 Low Water Period

The concentrations of OC in bottom sediments varied in a wide range, and for the
surface layer in 2006, they amounted C,,, from 0.028 to 1.906%; aliphatic hydro-
carbons (HCs), from 20.8 to 116.6 pg/g (Fig. 1); and polycyclic aromatic hydrocar-
bons (PAHs), from 12.4 to 236.4 ng/g.

The main OC sedimentation reservoir is muddy bottom sediments. In 2006,
during the summer low water, a higher HC content was detected in the middle part
of the Dvina Bay in the zone of avalanche sedimentation (Fig. 2).

HC concentrations were also increased at the station, which was influenced by
waters coming from the Dvina Bay to the Throat area (62.5 pg/g), as well as in the
Solovetsky Islands area (80.2 pg/g). The content of HCs in the composition of C,,
was maximal in the sandy sediments from the Dvina Gulf — 6.4% — which may be
due to the passive adsorption of anthropogenic HCs by bottom sediments at shallow
depth. On the contrary, in the sediments of the basin, the content of HCs in the
composition of C,, was lowered (0.29-0.44%). Therefore a degree of anthropo-
genic pollution of coarse-grained coastal sediments was higher than that of muddy
deposits. In the surface layer of bottom sediments, correlation coefficient was
calculated between the moisture content (M) in sediments and Cg,: R(M-
Corg) = 0.91. Correlation coefficient between moisture and HCs was less significant,
as well as between C,, and HCs: R(M-HCs) = 0.53; R(C,,—HCs) = 0.56. These
relationships may indicate either the close origin of the studied compounds or, more
likely, the transformation of HCs.

HC concentrations decreased in 2010 due to the fact that in 2010 an oxidized
sediment layer of 0—4 cm was selected and, in 2006, an oxidized layer of 0-0.5 cm
(Fig. 2). The HC content usually decreases during the transition from oxidized to
reduced sediments [3]. The highest HC content, as well as C,,,, was confined to
muddy sediments of the Rugozerskaya and Eremeevskaya Bays (up to 96 pg/g and
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1.06%, respectively). In the open sea areas, their concentrations decreased. In the
composition of Cy,g, the HC content varied from 0.08 to 1.06% for muddy sediments
and from 0.08 to 0.32% for sandy sediments. At the periphery of the Dvina Gulf and
in the straits of Solovetsky Salma, the content of HCs in the composition of C,, rose
to 0.32%.

The content of alkanes in open areas of the White Sea did not exceed 2.43 pg/g
(2-8% of XHCs) in sandy bottom sediments that corresponded to their concentra-
tions in sediments in the other Arctic regions [19]. High-molecular uneven com-
pounds predominated in all samples: the ratio X(C;5—Cy,)/Z(Cy3—C4p) varied in the
range of 0.20-0.54, and the CPI (the ratio of odd to even homologues in the high-
molecular part) was in the range of 1.7-4.7. Uneven homologues of C,5—Cj;
dominated, reaching up to 23-39% of the total amount of alkanes. Long-chain
high-molecular-weight hydrocarbons have a good ability of hydrophobic binding
at the water-sediment interface, in comparison with short-chain ones. This group of
alkanes is genetically related to higher herbaceous terrestrial plants and water
macrophytes.

According to the model proposed by A. P. Lisitzin, the riverine and seawater
mixing zone (so-called a marginal filter [20]) consists of three principal zones
basically different in their functions: gravitational, physicochemical, and biological
ones. In the gravitational zone, because of the damming of the riverine waters by the
seawater, sedimentation of sandy-silty fractions occurs; this area is characterized by
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Fig. 2 Changes in the concentrations of HCs (pg/g) in the bottom sediments of the White Sea in
different years of study during the low water period

high water turbidity and hindered photosynthesis. In the physicochemical zone,
colloids and dissolved compounds are captured (the zone of flocculation and coag-
ulation). After sedimentation of various compounds, water becomes more clear,
phytoplankton develops, and biological zone appears (the assimilation and transfor-
mation of dissolved substances of mineral and organic composition). In the apex part
of the Dvina Bay, oil hydrocarbon content increased in the sediments of the Northern
Dvina River estuary region (gravitational zone of the marginal filter) where in the
bottom sediments, odd C,5—C3; homologues amounted only to 15% of the sum of
alkanes (Fig. 3).

In the physicochemical zone of the marginal filter, both in the Dvina Bay and in
open sea areas, the distribution of alkanes indicated a predominantly biogenic
allochthonous HC genesis. In aleurite-pelitic silt in the Throat area, the alkane
distribution was bimodal in the surface layer: the content of microbial autochthonous
homologues of n-C,,—C,3 was increased in the low-molecular part. The microbial
effect on pelitic sediments was higher than on sandy and aleuritic sediments.
However, terrigenous alkanes dominated (CPI = 1.7) in the high-molecular domain
here as well.
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Fig. 3 The composition of the alkanes in the bottom sediments of the Northern Dvina River
marginal filter: gravitational (a), physicochemical (b), and biological (c) zones

According to the PAH content in the surface layer, the sediments can be attributed
to slightly contaminated, since the sum of 3—6-ringed polyarenes was generally
<100 ng/g [21]. The average concentrations in the muddy bottom sediments were
97.4 and in sandy sediments — 30 ng/g. In the composition of the surface layer of
bottom sediments, the average content of individual polyarenes decreased as fol-
lows: P (pyrene, 22.9%) > FL (fluoranthene, 20.3) > PH (phenanthrene, 16.1) > PL
(perylene, 13.0) >CHR (chrysene, 9.6) > BKFL (bens(k)fluoranthene, 8.9) >N
(naphthalene, 4.6) > BP (bens(a)pyrene, 2.2) = AN (anthracene, 2.2%).
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The influence of oil PAHs outside the gravitational part of the marginal filter of
the Northern Dvina is insignificant, since in all sediments, the ratio of naphthalene/
phenanthrene was <1. Low concentrations of naphthalene may also be due to its
decomposition at elevated summer temperatures. The rate of photochemical trans-
formation of polyarenes is comparable to the rate of microbiological oxidation of
nonaromatic hydrocarbons [22]. At the same time, according to available data, the
PAH content in the sediment of the Kandalaksha Bay (the sum of 27 individual
polyarenes) reached 2,925 ng/g, and pyrogenic compounds prevailed in their com-
position [23]. Oil components to a greater extent were recorded in the sediments of
the Dvina Gulf.

The bottom sediments of the central part of the Dvina Gulf were contaminated to
a lesser degree, since the ratio FL/(FL + P) was ~1. The amount of pyrogenic
compounds along with terrigenous ones in the sediments is quite high, which was
proved by the variability in the ratio of P/PL (0.09-3.01). Perylene in considerable
quantities was found in bottom sediments enriched with terrigenous plant material.
In case of diagenetic origin, the proportion of PL is >10% [21]; in the studied bottom
sediments, the perylene percentage averaged to 13%.

Subsequent studies of PAHs in the sediments of the White Sea have established
that elevated concentrations in the surface layer during the summer low water were
associated with the apex parts of Kandalaksha (2,087 ng/g) and Dvina (230 ng/g)
Bays [23]. The benzo(a)pyrene contents according to the classification correspond to
the II class, as an insignificant contamination (<420 ng/g), while the concentrations
of benz-fluoranthene, indopyrene, and benzoperylene in some cases corresponded to
the IV class — hazardous contamination (700—4,800 ng/g). The content of other
PAHs corresponded to I and II classes, except for the benzoperylene in the sediments
of the Dvina Bay. According to the general picture, PAH levels in the sediments
showed mainly moderate contamination [24].

Significant variability in the OC concentrations was observed in the 0—45 cm
layer of bottom sediments of the White Sea (Fig. 4). This phenomenon was associ-
ated with changes in the rates of hydrolysis and oxidation-reduction processes in the
sediments [25]. In the bottom sediments of the Dvina Bay, peaks in the distribution
of HCs were more significant at st. 6042 (physicochemical part of the marginal filter)
and at st. 6052 (the biological part of the marginal filter) than at st. 6056 (located in
the basin area) in 2006. Apparently, intermediate zones with reduced microbiolog-
ical consumption and resynthesis were formed with the rapid burial of freshly
formed organic matter (OM). As a result, there were microfacies with a “fresh”
HC composition without visible changes of the initially deposited OM. Aerobic
oxidation processes are most intense in slightly transformed sediments in contact
with the oxygen of the bottom water [25]. Therefore, HC transformation processes
also proceed intensively in the subsurface layers of bottom sediments, along with the
boundary layer of the water bottom, generally leading to a decrease in their concen-
trations and in the alkanes to low-molecular homologues (Fig. 3). This is due to the
passive accumulation of the most polymerized and insoluble OM. In the field of
anoxic diagenesis, up to 90% of the initial amount of HCs was consumed in bottom
sediments under consideration.
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Fig. 4 Distribution of natural moisture (1), Coe (2), HCs (3), PAHs (4) in the sediment cores in
2006 at stations 6042 (a), 6052 (b), 6056 (c) (the location of the stations is explained in the text)

Higher concentrations of PAHs in the subsurface layer of bottom sediments can
also be attributed to their increased emissions in the 50th of twentieth century
[26]. This conclusion is confirmed by a decrease in the ratio of FL/(FL + P) to
0.32 and an increase in the ratio (P + BP)/(PH + CHR) on the station 6042 at the
horizon 1-2 cm. The increase in the polyarene content in the subsurface layer of
bottom sediments is most typical for the geochemical barrier of the river sea [3, 27,
28]. Perhaps, therefore a maximum in the HC distribution was observed at all
stations in the subsurface layer of sediments. In the deep layer (>45 cm), there
was a decrease in the content of both HCs and PAHs at the station 6056.

Similar data were obtained in the analysis of the bottom sediment core (21 sam-
ples), taken with the help of the Neimisto tube in July 2011 at a station in the Dvina
Bay. Collected sediments were represented by oxidized silt from the tan color in the
surface layers to light gray and gray colors with black hydrotroilite pieces in
the 20-25 cm layer. The concentration of OC changed unevenly down the core,
the material composition, and redox conditions of the sediment. HC content varied
from 17.44 to 65.45 pg/g; PAHs, from 0.1 to 5.6 ng/g; and C,, from 1.04 to
3.125%. Moreover, if the distribution of HCs and PAHs in the general case
coincided and a correlation was observed between their concentrations, R(HCs—
PAHs) = 0.7, there was no correlation dependence between the C,, and HC
distribution. The C,,, content most intensively changed in the upper 3 cm layer,
and the HC and PAH concentrations varied throughout the sediment core to a
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25 cm horizon. Consequently, under anaerobic conditions, the HC transformation
proceeds intensively as well. Obviously, different groups of native anaerobic
microorganisms (sulfate-reducing, oil-oxidizing, fermenting, and denitrifying
agents) participate in their transformation even in reducing conditions [29]. The
maximum concentration of HCs was confined to the 4.5-5 cm layer (66.45 pg/g),
and their formation was due to OC degradation, as the C,,, content decreased here.
The depletion of HCs in the surface layer of sediments, in comparison with the
lower horizons, can also occur due to sediment redeposition at high sedimentation
rates. This phenomenon is associated with changes in the rates of hydrolysis and
redox processes in the sedimentary core [29]. Here, OM undergoes aerobic-
anaerobic oxidation, since in the subsurface layer, both aerobic and anaerobic
oxidations of OM occur with a limited diffusive penetration of oxygen from the
bottom water.

In 2015 the highest concentrations of HCs are found in the bottom sediments of
the separated lakes of the Kandalaksha Bay (Rugozerskaya Bay) (Fig. 5, Table 1).
On the periphery of the Kandalaksha Bay, the coastline is highly indented, along the
banks there are a lot of islands, and for the bottom the interchange of basins and
rapids is characteristic. Therefore, there was a gradual separation of small water
basins from the sea with a weak freshwater supply [30, 31]. The studied water bodies
in order of separation from the sea are as follows. The Ermolinskaya Bay has free
water exchange with the sea. The lake on the Green Cape is in the initial stage of

N T ¥ T T
66.60° F

. Three-Color Lake
=

66.55°F A

66.50° . ; . ; ;

32.8° 32.9° 33.0° e 33.2° E

Fig. 5 Location scheme of the separating lakes in the Rugozerskaya Bay (WSBS — White Sea
biological station)
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Table 1 Content of organic compounds in bottom sediments of Rugozerskaya and Kandalaksha
Bays, White Sea, 2015

The location of the HC content, % in the
sampling Moisture, % | HCs, pg/L | Cyr,, % | composition of Cog
Three-Color Lake 90.46 73 7.348 0.086

Upper Ershov Lake 78.11 44 4.948 0.077

Lake on the Green Cape | 88.57 97 6.982 0.19

Kislo-Sladkoe Lake 89.1 151 8.698 0.149

Ermolinskaya Bay 59.91 9 2.467 0.032

WSBS pier 54.97 15 1.402 0.090

separation, it has a constant tidal water exchange with the sea, and tidal fluctuations
of the level are about 10 cm. The Kislo-Sladkoe Lake is deprived of constant water
exchange; seawater penetrates into it only occasionally, but the rapid’s height does
not interfere with free outflowing surface water. The Three-Color Lake is considered
to be completely detached from the sea, as indicated by surface’s two-meter layer of
freshwater and the lower saline layer, the characteristics of which have not changed
for several years (a typical feature of a meromictic reservoir). Water of the upper
Ershov Lake is completely fresh [30].

In sediments of the separating lakes of the Rugozerskaya Bay, the composition of
alkanes had a bimodal distribution of homologues (Fig. 6). In the low-molecular-
weight part, autochthonous biogenic alkanes, n-Cy7, which has a planktonic origin,
and even homologues n-C,4-C;g indicate intensive microbial processes. In the high-
molecular part, the concentration of odd allochthonous alkanes n-C,s-C3; was
increased. Therefore, CPI values were high (9.6—11.9), which indicates the terrige-
nous HCs genesis, associated with waxes of higher terrestrial plants [21].

It should be noticed that the values of CPI in the alkanes of Kandalaksha Bay
sediments did not exceed 3.06, and the Dvina Bay, 1.98 [32], i.e., the contribution of
terrigenous homologues in the sediments of the bays is evident to a lesser degree
than in the sediments of the separating lakes.

3.2 High Water Period

The content and composition of HCs during the high water period changed sharply,
where studies were carried out mainly in the spill-streams of the Northern Dvina
River (sampling sites are shown in Fig. 7).

Bottom sediments were mainly composed of medium-grained (>100 pm) sand,
where percentage of sandy fraction reached up to 80-99% [33], and moisture was
<50%. In the exterior part of the delta, sands are characterized by a better particle
sorting than in the spill-streams. During the flood, the sandy-aleuritic fraction of the
river suspended matter is deposited in the spill-streams and channels of the delta in
the gravitational part of the marginal filter, and main part of the fine-grained
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Fig. 6 Composition of alkanes in the lake bottom sediments: Kislo-Sladskoe Lake (1), lake on the
Green Cape (2), Three-Color Lake (3)

(<10 pm) pelitic material enters the White Sea. A sharp decrease of flow velocity
caused by morphological features of the riverbed led to a rapid deposition of
suspended matter containing the hydrocarbons. This was, most likely, due to the
wide variety of the OC supply sources and the intensity of the flood. In 2006, the
concentrations of C,, in bottom sediments varied from 0.005 to 2.640% (mean
0.59%, o = 0.69) and HCs from 13.1 to 329.4 pg/g (mean 105.7 pg/g, o = 73.4). The
concentrations of C,., decreased in 1.7 times in comparison with May 2005
(0.015-3.31%, average 1.02, 6 = 2.98%) and HCs in 3.2 times (12.9-531 pg/g,
average 336, o = 436 pg/g) (Table 2).

When HC concentrations were >50 pg/g for silty and >10 pg/g for sandy
sediments, they can be considered contaminated [3, 15, 21]. The highest content
of HCs was found in the areas of potential input of oil HCs: in case of draining, the
sewage of PPP effluent discharge area, Chizhovskii roadstead, Ekonomiya Port
(>150 pg/g, Table 2). In these regions, the content of HCs in the composition of
Corg Was also sharply increased (up to a maximum of 35.89%).

An increased HC content in the composition of C,, was also found in the
Nikolskii Arm at station 33, 25.71%, and in the apex part of Dvina Bay at the exit
from the Murmansk Arm on the station 42 — 15.79%. Low HC content was confined
to sediments of st. 41 in the area of Kumbich Lake, 0.42%, in the inflow of the Lai
River, 0.81%, as well as at st. 10 in the Pinega River, 0.60%. In marine sediments,
the HC fraction in the composition of C,, did not usually exceed 1%, and HC mean
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Fig. 7 Location of sampling stations (except stations of the Pinega River)

values in biological objects were even lower: 0.14% in the C,, of plankton, 0.048%
in the phytobenthos, and up to 0.01% in the higher terrestrial plants (tree leaves) [3].

Increase in the HC content in the composition of C,, in bottom sediments of the
Northern Dvina River mouth may indirectly indicate the influence of oil HCs, since
in the areas contaminated with oil, the percentage of HCs increases. For the entire
data, the grain-size composition has a major effect in the OC distribution during the
flood, as the correlation coefficient was calculated between the values of C,, natural
sediment moisture (M), and HCs in sediments: RM-C,) = 0.84, R(M-
HCs) = 0.78, and R(C,,—HCs) = 0.81. This may also indicate the same supply
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routes of natural and anthropogenic compounds into bottom sediments, as well as the
rapid transformation of the petroleum HCs. However, such strong correlation coef-
ficients were absent in the spill-streams of the Northern Dvina River, where the input
of contaminants increased. In particular, in the Kuznechikha Channel, R(M—
HCs) = 0.28, and R(Cyg-HCs) = 0.19. In the area of the pulp and paper plant
(PPP) effluent discharge, HC concentrations decreased with an increase in Cgpo
(Fig. 8). Here, obviously, the other OCs were also supplied in addition to HCs. A
similar picture was observed in the Chizhovskii roadstead area. In May 2005,
concentrations of HCs increased with decrease in C,, in this area.

In the area of intensive sedimentation nearby the Mudyug Island, effect of grain-
size composition decreased, and concentration of HCs at stations 52 and 14 was
almost twice as much (63.4 and 121.7 pg/g, respectively), while sediments at these
stations have a similar grain-size composition and close C,,, content (0.714 and
0.688%, respectively). On the contrary, in the area of the Ekonomiya Port, the HC
content in sediments of st. 16 and 54 with different grain-size composition was rather
similar (311.3 and 329.4 pg/g, respectively), while C,,, concentrations at these sites
differed in 1.6 times (1.645 and 2.638%, respectively). Such type of distribution of
HCs when their contents are not controlled by particles’ size is probably caused by
local input of the oil HCs into bottom sediments. The growth of HC concentrations
in water due to passive adsorption by suspended particulate water possibly has led to
higher HC content in sandy sediments. Therefore, the HC percentage in Cgpg
composition of coarse-grained is higher than that in the clay sediments. Maximum
HC content was found at st. 20; however it was rather low — 30 pg/g — if to calculate
on dry weight. However, toward the Mudyug Island in the physicochemical zone of
marginal filter, the sediments also have a rather high HC content (on average,
106 pg/g, Table 2).

The HC concentrations in the Northern Dvina River’s delta were comparable with
that from areas exposed to continuous oil input. As an example, in sandy sediments
with admixtures of shell detritus and algae, of the northern shelf of the Caspian Sea,
where C,,, content was rather low (0.197-0.582%), the HC contents varied from
70 to 4,557 pg/g [17]. At the western coast of the Taiwan Island, in the delta of the
rivers Kaoping and Tungkam, the HC contents were even higher (869-10,300 pg/g)
[34]. Meanwhile, in the estuarine regions of the northwestern part of the Black Sea,
the HC content was lower and varied from 5 to 402 pg/g; in the Danube River’s
mouth, it varied within the limits of 49-220 pg/g [35].

The concentrations of alkanes in the bottom sediments during the high water
period in 2006 were lower than those reported in May 2005 (Table 3). The terrig-
enous HC components dominated in the composition of high-molecular-weight
fractions, as they are the most stable (Fig. 9). A minimum CPI (odd/even ratio of
high-molecular-weight alkanes) value of 1.29 was reported near the pulp and paper
plant (PPP) discharge area, where high-molecular-weight homologues also domi-
nated, as the ratio of light and heavy alkanes amounted to 0.62 (Table 3). Some
samples from the Nikolskii Arm and Maimaksa Channel have CPI values >2. The
low-temperature chromatogram part illustrates the role of evaporation and biodeg-
radation of oil alkanes. Their microbial origin could be responsible for the slight
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Fig. 8 Distribution of the concentrations of Cq (1) and HCs (2) in the bottom sediments of the
Northern Dvina River delta at different sampling sites (Ekonomiya Port, oil terminal, etc.); 05 and
06 are May 2005 and May 2006, respectively

predominance of n-C;o—C,3 homologues (Fig. 9b). Oil HCs could influence the
intensity of biochemical processes. This may cause an increase in the concentrations
of autochthonous alkanes in oil-contaminated sediments [3]. In spite of the generally
high HC content in sandy sediments in this area (704,557 pg/g, 3.55-62.65% of
Corg), the biomarkers indicate the predominance of terrigenous biogenic alkanes
(CPI values ranged from 3.05 to 6.97).

Thus, in regions with oil hydrocarbon inflow and low temperatures, alkanes are so
rapidly degraded that their composition does not correspond to oil. This is due to the
fact that even in winter the activity of oil-oxidizing microorganisms can reach quite
high values, 57 ng L/h and in the summer 80 ng L/h [36]. Therefore, even after the
oil spill (the area of the Baffin Island in Arctic), it turned out that biogenic homo-
logues dominated in the composition of alkanes of coastal sediments, since the
pristane/phytane (i-C;o/i-C,g) ratio varied from 5 to 15 and CPI from 3 to 11 [37].

Concentrations of PAHs, by contrast to HCs, selected in May 2006 (565.8 on
average, interval 3.8-2,410.3 ¢ = 635 ng/g; Fig. 10a), were higher in sediments
during high water period than in May 2005 (average, 56.8; interval, 3.4-216;
o = 57.6 ng/g; Fig. 10b). This was due most likely to the different genesis of
these hydrocarbon classes. HCs are mainly products of OC biosynthesis, as well
as biogeochemical or geochemical transformation of various non-carbon compounds
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Fig. 9 Composition of n-alkanes in bottom sediments from different estuarine sites of the Northern
Dvina River

that constituent dead organisms’ biomass in soil, water, and bottom sediments
[1, 26].

The PAH concentrations in oils were low and ranged from 10> to 10~ '%. Since
PAHs are produced by pyrolysis of organic fuels, they enter the marine environment
mainly by the deposition of atmospheric aerosols [1, 21, 38]. Elevated PAH con-
centrations in terrestrial plants may also be caused by their deposition from polluted
air [1]. Since the PAH levels tend to increase during the winter season due to higher
atmospheric contamination, the intensity of flooding could influence the concentra-
tions of PAHs in bottom sediments to a lesser degree compared with aliphatic HCs.

In the study area, the average PAH concentrations in bottom sediments decreased
in the next order (ng/g): Mudyug Island (600) > pulp and paper plant discharge site
(422) > Nikolskii Arm (357) > Zimnii coast (357) > roadstead of Chizhovskii
(350) > apex part of the Dvina Bay (131) > Pinega River (74). Despite their
different sources, the highest concentrations of both PAHs and aliphatic HCs were
detected in bottom sediments around the pulp and paper plant effluent discharge area
(station 19). In these samples, the distribution of molecular markers in the PAH
composition indicated mixed (petrogenic + pyrogenic) genesis. The naphthalene to
phenanthrene ratio (N/PH), which at a value >1 indicates oil polyarenes [3, 21],
varied in this area from 4.01 to 6.57. During the summer low water season,
naphthalene is a minor component of PAHs [21], because it is the most volatile
arene easily decomposing in water. During winter and spring, the degradation of
naphthalene is probably depressed by low temperatures.

Elevated pyrene concentrations (up to 151 ng/g,) in this area may indicate a
supply of pyrogenic PAHs to bottom sediments. The relatively high levels of
perylene (up to 30.5 ng/g) in these sediments can probably be attributed to the
accumulation of decomposing wood wastes in the Dvina Bay sediments [23]. There-
fore, the pyrene/perylene (P/PL) ratio in this area ranged from 3.07 to 5.48 and
averaged 7.45 in Arkhangelsk City. It should be noted that outside the city limits, the
concentrations of perylene increased up to 4.3% of total PAHs in sediments from the
Pinega River, and pyrene concentrations in the majority of samples from this area
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Fig. 10 Compositions of PAHs from bottom sediments in the Northern Dvina River delta: (a)
2005 — Mudyug Island (1); Ekonomiya Port (2); oil terminal (3); roadstead of Chizhovskii (4). (b)
2006 — st. 13, Mudyug Island (1); st. 19, pulp and paper plant effluent discharge site (2); Laya
River (3); st. 55, roadstead of Chizhovskii (4)

were generally very low (close to detection limit). The highest P/PL ratio
(17.6-39.7) was measured in sediments from the Nikolskii Arm area within the
city limits (Table 3). Phenanthrene is another dominant PAH compound, averaging
22.4% and decreasing within the city limits to 10.3% of total PAHs. It is believed
that phenanthrene is most likely a natural arene [26, 39] produced in low-polluted
environment by diagenetic transformation of organic matter in humus-rich sediments
(indicator of humus accumulation) or through dehydration of steroids by
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microorganisms [26, 35]. This could be the reason why phenanthrene accounted for
32.1% of total PAHs, on average, in sediments from the Pinega River.

High concentrations of fluoranthene and pyrene in sediments may be due to
supply of combustion products with aerosol particles [23, 38]. Fluoranthene, the
most stable polyarene, was found to dominate in many aquatic objects, even at
stations remote from pollution sources [13]. Therefore, elevated fluoranthene
concentrations may reflect high transformation degree for pyrogenic polyarenes.
In soils near combustion sources, the concentrations of pyrene are usually higher
than those of fluoranthene, and the molecular ratio of PAHB®I is preserved in case
of precipitation of anthropogenic aerosols close to combustion sources [38].

The content of benzo(a)pyrene (BP), the most toxic of the identified PAHs, was
much lower than that of other polyarenes, with an average of 6.7 ng/g (1.8% of total
PAHs). However, in sediments at stations 14 and 51 (seaward the Mudyug Island),
its concentrations (20.7 and 60.0 ng/g) were comparable or higher than the MPC
(ato 3HaumnT 3Ta abOpeBuarypa?) values for soils (20 ng/g). In 2005, benzo(a)pyrene
concentrations exceeded the MPC value only in sediments near the Chizhovskii
roadstead (37.4 ng/g). Except these sites, the levels of benzo(a)pyrene in sediment
samples measured in 2006 and 2005 were, on average, close to each other: 3.4 and
2.7 ng/g, respectively [3]. This is also consistent with previous data. For example,
the BP contents in bottom sediments of the Northern Dvina River delta ranged
0.2-4.2 in 1993 [40], 0.2-2.5 in 1994 [23], 0-16 (average 2.5) in 2003 [3], and
0-19.2 (2.8) ng/g in August 2006 [3]. The dominance of anthropogenic polyarenes
over natural ones is also influenced by the relatively low proportion of perylene
(2.1%) in urban areas in the Northern Dvina sediments, which usually marks
terrigenous OM. In case of natural formation in the bottom sediments, the proportion
of perylene is >10% [21].

In addition to bottom sediments from the Northern Dvina River, elevated PAH
concentrations were detected in sediment samples from the physicochemical zone of
the marginal filter, in the areas of avalanche-type sedimentation (the Mudyug Island,
apex part of the Dvina Bay). The increase in anthropogenic PAH concentrations
(especially pyrogenic high-molecular-weight PAHs) in this area was previously
observed during the summer low water season [3]. In the central part of the Dvina
Bay, the biomarker distribution indicated natural sources, although the PAH levels
were high (>100 ng/g). This suggested that the river-sea geochemical barrier could
prevent the supply of anthropogenic polyarenes into the open sea environment.

The HC content varied according to the flood phase. The data obtained on 26.04
and 13.05 in 2017 were indicative (Fig. 11). With the increase of the flood in May,
concentrations of all compounds increased in suspended matter by 1.5-4.9 times.

The C,g (0.30-0.13%) and HC (12.6-12.3 pg/g) contents differed insignificantly
around the Ekonomiya Port and the Mudyug Island, where sediments have similar
lithological composition. The coarse-grained fraction increased in sediments near
the passenger pier that has led to an increase in the C,, concentrations (up to 1.35%)
and HCs, to 468 pg/g (up to 3% in the composition of C,,), as well. However, the
composition of alkanes was close and in all samples where high-molecular uneven
terrigenous homologues dominated (Fig. 12). The ratio of low- to high-molecular
alkanes varied from 0.16 to 0.28, and the CPI value varied in the interval 2.76-3.99.
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Fig. 12 Compositions of n-alkanes in bottom sediments from different estuarine sites

4 Conclusions

In marginal filters of rivers, where river and sea waters mix, the change in hydro-
logical and biological characteristics determines the peculiarity of sedimentation
processes and the variability of the content and composition of both aliphatic
hydrocarbons and PAHs in bottom sediments. These processes depend on the season
(low water, high water) and the lunar cycle (high and low tides).

Active processes of HC transformation, both in the water column and at the
near-bottom water-seabed boundary, led to predominance of components in the
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composition of alkanes in bottom sediments. It was evident due to the fact that,
despite the low temperatures, the oxidation rates of the OCs in the Arctic seas are
comparable with that in temperate and tropical latitudes [25]. Therefore, the com-
position of HCs and PAHs was mainly presented by natural HCs. High concentra-
tions of C,,, and HC:s in the sediments of the separating lakes of Rugozerskaya Bay
were probably caused by natural processes but not pollution.

The incoming o0il compounds increase the level of HCs in the sediments, thereby
creating a modern HC background level. The same results were obtained during the
monitoring of pollutants (the most persistent organic pollutants — PAHs, pesticides,
biphenyls, dioxins, furans, as well as some heavy metals) in the White, Barents, and
Pechora Seas [24]. Their level in the sediments was estimated as insignificant one.

Acknowledgments This research performed in the framework of the state assignment of FASO
Russia (theme No. 0149-2018-0016), and analytical data were processed with support of the RSF
grant (Project No. 14-27-00114-p).

References

—_

. AMAP (Arctic Monitoring and Assessment Programme) (2007) Sources, inputs and concen-
trations of petroleum hydrocarbons, polycyclic aromatic hydrocarbons, and other contaminants
related to oil and gas activities in the Arctic. AMAP Assessment 2007. AMAP, Oslo, p 87

2. NAS (National Academy of Sciences) (2003) Oil in the sea III: inputs, fates, and effects.

National Academies Press, Washington, p 265
3. Nemirovskaya IA (2013) Oil in the ocean (pollution and natural flows). Scientific World,
Moscow, 432 pp (in Russian)

4. API (American Petroleum Institute) (1999) Fate of spilled oil in marine waters. An information
booklet for decision-makers. Health and Environmental Sciences Department, US Department
Publication, 42 pp

. Patin SA (2017) Oil and continental shelf ecology. VNIRO, Moscow, 345 pp (in Russian)

6. Michel J, Galt J (1995) Conditions under which floating slicks can sink on marine settings. In:
Proceedings of the 1995 international oil spill conference, API, Washington, pp 573-576

7. Braggs JR, Owens EH (1995) Shoreline cleansing by international between oil and fine material
particles. In: Proceedings of the 1995 international oil feel conference, API, Washington, pp
216-227

8. Lee K, Stoffin-Egli P (2001) Characterization of oil-mineral aggregates. In: Proceedings of the
2001 inter oil spill conference, API, Washington, pp 991-995

9. Ansell DV, Dicks B, Guenette CC, Moller TN, Santner RS, White IC (2001) A review of
the problems posed by spills of heavy fuel oils. In: Proceedings of the 2001 inter oil spill
conference, Tampa, 16 pp

10. Baker JM, Clark RB, Kingston PF, Jenkins RH (1990) Natural recovery of cold water marine

environment after an oil spill. Presented at the thirteenth annual Arctic and marine oil spill
program technical seminar, June, 111 pp

11. Nemirovskaya IA, Trubkin IP (2013) Anthropogenic and natural hydrocarbons in water and

suspended arctic seas. In: Lisitsyn AP (ed) The White Sea system, vol 3. Scientific World,
Moscow, pp 438—470 (in Russian)

12. Nemirovskaya IA, Leonov AV (2011) Petroleum hydrocarbons in the waters of major tribu-

taries of the White Sea and its water areas: a review of available information. Water Resour 38

(3):324-351

V)]



Oil Compounds in the Bottom Sediments of the White Sea 293

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Nemirovskaya IA (2004) Hydrocarbons in the ocean: snow—ice—water—suspension—bottom
sediments. Scientific World, Moscow, 328 pp (in Russian)

Bambulyak A, Franzen B (2009) Oil transport from the Russian Barents Sea in January 2009
Akvaplan—Niva, Tromsg, 97 pp (in Russian)

Quality of marine waters by hydrochemical indicators (2014) Nauka, Moscow, 156 pp
(in Russian)

Venkatesan MJ, Kaplan IR (1982) Distribution and transport of hydrocarbons in surface
sediments of the Alaskan outer continental shelf. Geochim Cosmochim Acta 46:2135-2149
Oradovsky SG (ed) (1993) Guidance on methods of analysis of sea water. Gidrometeoizdat,
St. Petersburg, 264 pp (in Russian)

Rybalko AE, Zhyravlev LR, Semenova LR, Tokarev MY (2017) Quaternary sediments of the
White Sea and history of the development of the modern White Sea basin in the late
Pleistocene—Holocene. In: Lisitzyn AP, Nemirovskaya IA (eds) The White Sea system, vol
4. Scientific World, Moscow, pp 84-127 (in Russian)

Fernandes MB, Sicre MA (2000) The importance of terrestrial organic carbon inputs on Kara
Sea shelves as revealed by n-alkanes, OC and §'*C values. Org Geochem 31:363-374
Lisitzin AP (2014) Modern concepts of sedimentation in the oceans and seas. The ocean as a
natural recorder for the interaction of Earth’s geospheres. In: Nigmatulin RI (ed) World Ocean,
vol 2. Scientific World, Moscow, pp 331-571 (in Russian)

Tolosa I, Mora S, Sheikholeslami MR, Villeneuve J, Bartocci J, Cattini C (2004) Aliphatic and
aromatic hydrocarbons in coastal Caspian Sea sediments. Mar Pollut Bull 48:44-60

Izrael YA, Tsyban AV (2009) Anthropogenic ecology of the ocean. Nauka, Moscow, 532 pp
(in Russian)

Savinov VM, Savinova TM, Carrol J et al (2000) Polycyclic aromatic hydrocarbons (PAHs) in
sediments of the White Sea, Russia. Mar Pollut Bull 40(10):807-818

Savinov V, Larsen L-H, Green N, Korneev O, Rybalko A, Kochetkov A (2011) Monitoring of
hazardous substances in the White Sea and Pechora Sea: harmonisation with OSPAR’s
Coordinated Environmental Monitoring Programme (CEMP). Akvaplan—niva, Tromsg, 71 pp
Agatova Al, Lapina NM, Torgunova NI (2012) Organic substance of the White Sea. In: Lisitzyn
AP, Nemirovskaya IA (eds) The White Sea system, vol 2. Scientific World, Moscow, pp
492-548 (in Russian)

Rovinsky FY, Teplitskaya TA, Alekseeva TA (1988) Background monitoring of polycyclic
aromatic hydrocarbons. Gidrometeoizdat, Leningrad, 224 pp (in Russian)

Wakeham SG (1996) Aliphatic and polycyclic aromatic hydrocarbons in Black Sea. Mar Chem
53(2):187-205

Wu Y, Zhang IG, Tie-Zhu M, Bin L (2001) Occurrence of n-alkanes and polycyclic aromatic
hydrocarbons in the core sediments of Yellow Sea. Mar Chem 76(1-2):1-15

Savvichev AS, Rusanov II, Yusupov SK, Pimenov NV, Lein AY (2005) Microbial processes of
transformation of organic matter in the White Sea. Oceanology 45(5):689-702 (in Russian)
Lisitzin AP, Vasilchuk YK, Shevchenko VP et al (2013) Isotope-oxygen composition of water
and snow-ice cover of separated water bodies at different stages of isolation from the White Sea.
Doklady Earth Sci 449(2):406—412 (in Russian)

Pantyulin AN, Krasnova ED (2011) Separating reservoirs of the White Sea: a new object for
interdisciplinary research. In: Proceedings of the international conference on geology of oceans
and seas, vol 3, GEOS, Moscow, pp 241-245 (in Russian)

Belyaev NA (2015) Organic matter and hydrocarbon markers of the White Sea. Abstract PhD
thesis, IO RAS, Moscow, 25 pp (in Russian)

Kravchishina MD (2009) Suspended particles of the White Sea and their grain-size composi-
tion. Scientific World, Moscow, 264 pp (in Russian)

Jeng WL (2006) Higher plant n-alkane average chain length as an indicator of petrogenic
hydrocarbons contamination in marine sediments. Mar Chem 102(3—-4):242-251

Readman JW, Fillmann G, Tolosa I (2002) Petroleum and PAH contamination of the Black Sea.
Mar Pollut Bull 44:48-62



294 I. A. Nemirovskaya

36. Ilyinsky VV, Semenenko MN (2001) Abundance and activity of the hydrocarbon-oxidizing
bacteria in the Kara and White seas. In: Lisitsyn AP (ed) Systematic oceanological studies in the
Arctic. Scientific World, Moscow, pp 364-375 (in Russian)

37. Wang Z, Fingas MF (2003) Development of oil hydrocarbon fingerprinting and identification
techniques. Mar Pollut Bull 47(3):423-452

38. Page DS, Boehm PD, Douglas GS et al (1999) Pyrogenic polycyclic aromatic hydrocarbons in
sediment human activity: a case study in Prince William Sound. Mar Pollut Bull 38(4):247-260

39. Dahle S, Savinov V, Matishov GG et al (2003) Polycyclic aromatic hydrocarbons (PAHs) in
bottom sediments of the Kara Sea shelf, gulf of Ob and Yenisei Bay. Sci Environ 36:57-71

40. Moseeva DP, Troyanskaya AF, Bogdanovich LM (1996) Ecological problems of the European
North. URO RAS, Yekaterinburg, pp 130-146 (in Russian)



Conclusions )

Check for
updates

Liudmila L. Demina and Alexander P. Lisitsyn

Contents

2SS (5 (231 302

Abstract Part II contains the data obtained over continuous 15-year research of
modern sedimentation in the White Sea. New data on sedimentation processes,
starting from the surface water layer to the bottom sediments, have been obtained.
These processes are studied from the viewpoints of the Earth Science’s specialists.
Geologists and geophysicists have described the Holocene development history and
revealed a three-member structure of the Quaternary cover. Sedimentologists
evidenced a major contribution of dispersed sedimentary matter in the form of
suspended particulate matter, sediment-laden sea ice and snow, and vertical fluxes
of settling particles into the formation of sedimentary cover. Biostratigraphs have
revealed a relationship between environmental parameters and abundance and
species composition of microalgae associations. Mineralogists have investigated
the main mineral phases of sedimentary matter at different stages of sediment
formation. Geochemists have cleared out the specific character of diagenetic pro-
cesses; accumulation of heavy metal, including mercury; as well as aliphatic and
polycyclic aromatic hydrocarbons in sediments of such subarctic sea as the White
Sea is.

Keywords Biogeochemistry, Bottom sediments, Development history, Particle
fluxes, Suspended particulate matter, White Sea

In the early 2000s, the White Sea has become a ground for the study of sedimentation
processes in the Russian Arctic seas. Since that time, a large database was obtained in
different fields of marine geology and geochemistry. Our long-term research program
was implemented on the White Sea, one of the Arctic seas. The main aim was to
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develop a new methodology and devices to solve complex problems, which arose in
marine geology in the twenty-first century, based on the development of new research
tools in geophysics, geochemistry, mineralogy, biogeochemistry, and sedimentol-
ogy. As a result, a new sedimentological rather than lithological approach of opera-
tions in cruises in the seas has been developed based on the application of new
devices, methods, and approaches [1-3].

Part II of the collective monograph “The White Sea Environment” summarizes
the results of the research of Russian scientific community for the period from 2001
to 2016.

In accordance with the climatic zoning, contribution of sedimentary matter of
each of the geospheres is different. In the ice (polar) zones, contribution of the
sediment-laden sea ice and snow dominates, while dry deposition is negligible. The
White Sea is a typical basin with the ice type of sedimentation [4]. Arid zones on
continents correspond to ocean “deserts,” i.e., areas with very low primary produc-
tion, and there, the main sediment supply is associated with dust storms. These two
new real genetic types of sediment formation in the oceans [4-7] were denied by
theoretical lithologists in the previous years.

It is well known that the major source of formation of sedimentary material is a
suspended particulate matter (SPM), which, in recent time, has been investigated in
details in the White Sea. We have managed not only to perform a complex study of
different constituents of SPM but to determine sedimentary fluxes at the different
horizons of the water column. In addition, a comparative analysis of sediment
sources from the cryosphere (ice and snow cover) with SPM taken from different
depths of the White Sea was fulfilled. These studies in the White Sea and in its
catchment area were carried out in winter being accompanied with direct deter-
minations of the SPM concentration and vertical flows of settling particles [8, 9].

In the water column, sedimentary material delivered by terrigenous processes is
mixed in different proportions with the dispersed sedimentary matter produced by
biota followed by the formation of biogenous matter; these processes have been
under consideration of V.I. Vernadsky about 90 years ago [10]. In the course of our
investigations, it was possible to determine the influence of biota on the sedimentary
process; it proved to be more diverse and essential than was previously thought.
Direct determination of living organisms’ influence (microorganisms, plankton,
benthos) on sedimentation processes is one of the most important achievements of
the expeditions held in 2001-2016 in the White Sea. Biological researches were
conducted using the isotope methods, both in expeditions and in stationary
laboratories.

Based on a great number (n10°) of measurements of suspended matter concen-
tration, an average mass value of SPM being equal to 1 mg/L was established (or in
case of volume concentration, about 1 mm3/L) [11]. A spatial distribution of SPM
concentrations over the surface waters has revealed a close relation with the
Severnaya Dvina River runoff: SPM decreased exponentially in the area of the
marginal filter (at the first stage of the riverine and seawater mixing), and then it
reduced in several times seaward. It was confirmed that the main factor which
controls SPM concentration and composition in this area is the water salinity.
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Lithogenous particles of river runoff and marine phytoplankton as well as its detritus
have been identified as the primary sources of SPM in the White Sea [12]. From our
calculations, proportion of phytoplanktonic particles in total SPM varied in depen-
dence of sampling site’s location relatively the main source (river runoff): from 27%
in the inner part of the Dvina Bay to 65% in the open part of the Kandalaksha Bay
(almost no river runoff). The major factor that controlled the vertical distribution of
SPM in water column is a water stratification, namely, a pycnocline which is related
to the halo- and thermocline. The vertical SPM distribution is characterized by a
three-layer pattern: (1) the surface mixed and photic layer, (2) the clear intermediate
water layer, and (3) the bottom nepheloid layer which is usually registered in most of
the near-bottom waters [13].

The long-term investigations in a small Arctic sea, as the White Sea is, have
revealed new regularities of sedimentation processes in the subarctic and Arctic
zones. The direct study of micro- and nano-sized particles in different geospheres let
us, for the first time, to estimate the contribution of sedimentary matter over different
time scales: over months, seasons, years, and decades. For the first time, in situ
sedimentation processes in the White Sea, including vertical sedimentary matter
fluxes, were studied with the autonomous deepwater observatories of sedimentation
(AGOS). Dispersed sedimentary matter (DSM) sampling has been performed auto-
matically, at different depths and with different exposures. When several obser-
vatories were operating in the same area, a synchronized sampling was carried out.
Methods of measurement of the vertical sedimentary matter’s fluxes by the use of
AGOS provide us with data on currents’ velocities at given depths and another
oceanographic parameters, which are crucial for sedimentology. At the same time,
for the uppermost water layer, remote-sensing methods were used (satellite obser-
vations) continuously and throughout the year. They were accompanied by verifi-
cation of data obtained at discrete sampling stations, where SPM and chlorophyll-a
concentrations were measured, and the hydro-optical determinations (transparency,
turbidity, etc.) have been carried out [14, 15]. Quantitative and qualitative analyses
were performed simultaneously; there were no such opportunities before.

The total vertical sediment fluxes (mg m™ > year '), mineral and chemical
composition, as well as properties of dispersed sedimentary matter have been studied
in details for the White Sea [16].

It should be concluded that seasonal and even monthly variations not only in the
total values of vertical fluxes but in their chemical and mineral composition, as well
as in lithological properties, have been revealed [17]. The maximal values of the
SPM concentrations (mg L") which correspond to high values of vertical fluxes
(mg m~2 day ") were characteristic for the ice-free spring-summer period, while the
minimal ones are for the winter time. In winter, the White Sea and its catchment
areas, feeding the basin with sedimentary matter, are capped by snow-ice cover,
while contribution of the river runoff and aeolian sources are very small. Seasonal
changes in vertical flux values are caused by hydrometeorological regime changes;
the melted sediment-laden sea ice and snow discharge in April, as well as phyto-
plankton bloom and flooded conditions in May, lead to increase of the fluxes’ values.
Besides, it was shown that biogenic constituents of vertical flux as a rule decreased
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by an order of magnitude during the transformation from the dispersed forms to
concentrated ones (bottom sediments), i.e., at the near-bottom water-seafloor
interface [16].

Among other important new approaches mentioned above, there is an in situ
determination of the particle size distribution by the use of the Coulter counter. From
our data, the most common grain-size type of the SPM was a silty-pelitic one
[18]. The SPM has a predominant pelitic grain size in June (after spring flood). In
the stratified water column, the percentage of pelitic fractions changed slightly.
These fine particles are unable to reach the seafloor themselves due to their physical
properties caused by their little size and small mass. They can descend just in a
transformed form, i.e., captured by fecal pellets and/or aggregates of “marine snow.”
These are the coarser and heavier aggregates which form the vertical fluxes of
dispersed sedimentary matter [19]. The SPM grain-size composition and major
constituents in the White Sea are influenced by the two main sources — lithogenous
and biogenic — which operate in complicated spatial and temporal interactions. From
our data on change of the volume SPM concentration (1 mm3/L, on average), it was
concluded that volume concentration could be considered as reliable proxy for
biogenic (phytoplanktonic) particles in the photic layer. Another proxy for the
phytoplanktonic particles has proved to be the Chl-a concentration, whose distri-
bution pattern corresponds to that of primary production [20, 21].

An important change in the SPM composition occurs in a very thin fluffy layer
(about 0.5—1 cm). This layer operates as a transition zone between the two types of
sedimentary matter: a dispersed particulate matter and consolidated ones (bottom
sediment). In this layer, the basic processes of SPM transformation into sediment
occur, which later undergo early diagenesis processes as well as bioturbation,
resuspension, redeposition, etc.

One of the main biogeochemical processes of the early diagenesis is a decay of
organic matter (OM) which results to generation of reduced gases (CO,, NH3, H,S,
CH,, etc.), as well as water-soluble compounds and more stable solid compounds.
The latter are preserved in a solid phase of sediments, while oxygen is exhausted.
These processes lead to change in the pore waters’ composition when sulfate
concentration gradually decreases down the sediment core. At the same time,
value of total alkalinity as well as concentrations of Fez+, Mn2+, and Si032*,
increases. In the White Sea sediments, spatial distribution of C,, was studied
based on analyses of 202 samples; elevated concentrations were recorded in pelitic
sediments of deep-sea areas (Fig. 1) [22]. The C,,, content varied from 0.5 to 6%,
averaging to 0.86%. The values of the C/N ratios and the n-alkanes’ composition
evidenced a dominance of terrigenous OM [22].

Terrigenous OM is not very suitable for the anaerobic microorganisms’ function-
ing, which leads to the increase in duration of the early diagenetic processes and their
incompleteness [23, 24]. The latter was evidenced by finds of authigenic iron
sulfides (FeS,_;) represented by X-ray amorphous “hydrotroilite,” as well as by
the absence of authigenic carbonates.

Over the last decades in the Arctic seas’ sediments, another important process has
been revealed, namely, an anaerobic oxidation of methane: CHy is partially oxidized
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Fig. 1 Content of organic carbon (mass %) in surface layer (0-5 cm) of bottom sediments of the
White Sea [22]

under anaerobic conditions followed by a fresh organic matter (OM) formation in the
form of biomass of microorganisms and their metabolism’s products [24, 25]. This
newly formed OM activates diagenetic processes which have been weakened by this
time, as it was shown earlier for the Black Sea sediments [26]. Experiments with
radioisotopes, which let us to evaluate rates of the basic microbial diagenetic
processes, confirm the decreased sulfate reduction rates in the White Sea sediments
in comparison with sediments of midland seas of the humid and humid-arid zones. In
polar marine basins, only in the caldera of the mud volcano Haakon Mosby
(Norwegian Sea), the similar processes were found [27]. Generally, a decrease in
rates of diagenesis in the White Sea could be explained by the low primary
production, while discharge of terrigenous organic matter is very high. Low tem-
peratures of the microorganisms’ habitat are of a secondary importance.

The latest geophysical methods, such as seismic-acoustic surveys and multi-
channel high-frequency tools, improved our understanding of geological setting
and stratigraphic positions in such an inner glacial basin as the White Sea
is. There, a wide occurrence of gravity deposits related to neotectonic movements
were studied [28]. Based on the seismic profiling, the two new Holocene lithofacies
were discovered: the nepheloid sediments deposited in a ridge-dam environment and
silt fans in the south Gorlo Strait. The new data make it possible to study in detail the
sedimentation process over the Holocene not only in the White Sea basin but in the
Kola Peninsula, in Karelia, and in the Arkhangelsk region [29]. The data obtained let
us to conclude about predominance of land rise, which may characterize the White
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Sea as a regressive basin, at least within the Baltic crystalline shield. This conclusion
is of great importance for predicting placers in shallow sediments of the White Sea.
These placers, over the entire Holocene, have been subjected to weathering that has
led to their gradual enrichment in heavy minerals, including commercial ore min-
erals. Our studies nearby the Severodvinsk port showed that now the outer delta is
subjected to an active destruction which is caused by an anthropogenic impact to the
environment leading to a reduced sediment runoff and water shortage in the
Severnaya Dvina River [30].

The mineral composition of the fine-grained (<10 and <1 pum) fractions has been
studied in both dispersed (aerosols and suspended particulate matter) and consoli-
dated (bottom sediments) forms of sedimentary matter in the White Sea. Based on
the data of X-ray powder diffractometry and scanning electron microscopy, an
important fact was discovered about mineral composition of pelitic fraction
[31]. Unlike traditional views, pelitic fraction (<10 um) of the White Sea bottom
sediments consists mostly of fine-grained clastic terrigenous minerals (63%, on
average), rather than only of clay minerals. Among minerals of pelitic fraction,
quartz and feldspars (albite, anorthite, andesine, microcline, orthoclase) dominate.
The most common clay minerals in the White Sea sediments are illite and chlorite,
which are also predominant in other areas of the Arctic Ocean. From the group of
smectite, montmorillonite is the main mineral in the bottom sediments of the
White Sea.

In the sediment-laden sea ice and snow, quartz (45-52%) and clay minerals
(25-35%) were major mineral phases. The aerosol material of the above-water
layer of the White Sea contains albite in considerable amount (16-20%), while in
the Northern Atlantic aerosols, another group of feldspars, such as andesine, anor-
thite, and orthoclase, were mostly recorded. This difference in prevailing minerals
may be used as mineral proxies of Aeolian (atmospheric) source from the certain
areas. The quartz/feldspars ratio in aerosols varied from 3.4 to 8.7; it is an important
characteristic of the feeding provinces [32]. This ratio depends on the intensity of
weathering processes, where quartz is the most proof against destruction, while
feldspars are primarily and rather easily destructed.

Distribution pattern of diatoms and aquatic palynomorphs in surface sediments of
the bays of the White Sea reflects processes of a consistent mixing of sedimentary
materials delivered into the bays from the mouths of rivers [33, 34]. At the same
time, an increase in the water salinity has specific regional features. Differences in
the quantitative and species composition of the microalgae associations are caused
by the change in the volume of river inflow, the depths of the bays, and the intensity
of the tidal currents. However, at different stages of the marginal filter (MF) of the
rivers, an identical sequence of changes in species composition is established
[35]. At the MF gravitational stage I, almost exclusively freshwater species of
diatoms were encountered. At the MF coagulation-adsorption stage II, percentage
of freshwater diatoms and green algae entering the sea from river flow sharply
decreased in the number and was observed in the bush area of the bays. At the MF
stage III, a normal vegetation of marine plankton species proceeds, which is reflected
in the composition of microalgae tanatocenoses in the bottom sediments.
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The total diatom content in the surface sediments from MF in the Dvina and
Onega bays varies widely, remaining mainly low. It resulted from the high turbidity
of water, which prevents vegetation of algae, and the intensity of tidal currents. In the
species composition of the group of marine diatoms in the assemblages from the
surface sediments, euryhaline species are the most diverse. The dinocysts’ assem-
blages are dominated by heterotrophic species.

The various aspects of the most toxic heavy metal mercury’s behavior in bottom
sediments of the White Sea and estuaries of inflowing rivers have been studied
[36]. Background content of total Hg was determined as 0.03 pg g~ ' d.w. The
highest Hg concentrations — 0.095 pg g~ ' d.w. — were detected in the 1.5-2.0 cm
horizon of the Severnaya Dvina River estuary. This sediment layer was formed in the
1970s—1980s’ years of the last century when the pulp and paper industry developed
intensively [8, 37]. The major source of Hg for the White Sea is a river runoff.
Marginal filter “the Severnaya Dvina River-the White Sea” operates as a geochem-
ical barrier which decreased the Hg input into the open part of the White Sea. When
passing a geochemical barrier, an active removal of Hg happens from the aqueous
solution due to Hg adsorption on the suspended matter followed by its sedimentation
[38—41]. At the same time, Mudyugsky Island acts as a mechanical barrier for river
waters’ inflow. Here, the current rate sharply decreases, and the finely dispersed
suspended material is precipitated, which is the most enriched with Hg [42-
44]. Another important source is proved to be an atmospheric input. Percentage of
anthropogenic Hg was very high (85-94% from total content) in the Northern Dvina
River estuary and delta stations. A range of total Hg concentrations in bottom
sediments of the Severnaya Dvina River was comparable to that of other rivers of
the European territory of Russia, Europe, Asia, Australia, and North America, as
well as the Amur River basin in the Far East region, i.e., in areas of chronic
anthropogenic impact.

The main processes that control accumulation of Al, Fe, Mn, and some trace
metals (Mo, Cr, Ni, Co, Cu, Pb, Cd, As) in the bottom sediments of the White Sea
have been quantified based on the method of selective chemical extraction
[45, 46]. The trace metal spatial distribution in the surface (0-5 cm) layer is
characterized by increased contents of geochemical labile forms of metals in the
deepwater areas with predominance of fine-grained pelitic sediments with high
adsorption capabilities [47]. In shallow-water (depth less than 40 m) bottom sedi-
ments of the Gulf of Onega where silty-sandy fractions dominated, decreased total
metal contents were generally recorded. The rock-forming elements such as Al and
Fe, as well as Cr and Ni, were predominantly found (98—-68% of the total on average)
in lithogenous form. This confirms the major contribution of terrigenous processes in
the White Sea sedimentation. On the other hand, geochemical properties of Mn, Cu,
Mo, Cd, and Pb are of importance in their occurrence forms’ partition. An increasing
order of the average percentage of the elements’ labile forms in the surface bottom
sediments was as follows: Al < Fe, Cr < As < Ni < Co < Cu < Pb < Cd < Mn.
High-resolution analysis of sediment core (1 cm scale) let us to reveal changes in
mobility of most elements (except Al) during early diagenesis of the bottom sedi-
ments. The Mn and Mo were found to be the most labile metals: only till 10% of their
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total content occurs in the lithogenous form in the upper 0—6 cm layer [48]. The
Mn/Fe ratio reflects changes in partition of labile forms, so it may be applied as a
proxy of the early diagenesis of the bottom sediments. Based on the total heavy
metal content, we may consider the White Sea bottom sediments as uncontaminated
ones due to low anthropogenic activity in its basin; the exception was As whose
average content was in intermediate position between the strongly polluted sedi-
ments of some ports and the relatively clean bays of the Mediterranean Sea.

For estimating changes in aliphatic and polycyclic aromatic hydrocarbons (HCs)
in bottom sediments of different areas of the White Sea, their content and compo-
sition were studied during low and high waters [49]. In marginal filters of rivers,
where the riverine and seawaters mix, sedimentation processes are controlled by the
change in hydrological and biological characteristics, which in turn are depended on
the season (low water, high water) and the lunar cycle (high and low tides). Active
processes of aliphatic and polycyclic aromatic hydrocarbons’ transformation, both in
the water column and at the water-seabed boundary, led to predominance of com-
ponents in the composition of alkanes in bottom sediments [50, 51]. It was evidently
due to the fact that, despite the low temperatures, the oxidation rates of the organic
matter in the Arctic seas are comparable with that in temperate and tropical latitudes
[52]. Therefore, the composition of aliphatic and polycyclic aromatic hydrocarbons
was mainly presented by their natural rather than anthropogenic compounds
[53]. High concentrations of C,, and HCs in the sediments of the separating lakes
of Rugozerskaya Bay were probably caused by natural processes rather than
pollution.

The incoming o0il compounds increase the level of HCs in the sediments, thereby
creating a modern HC background level. The same results were obtained during the
monitoring surveys of pollutants (the most persistent organic pollutants — PAHs,
pesticides, biphenyls, dioxins, furans, as well as some heavy metals) in the White,
Barents, and Pechora seas [53]. Their level in the sediments was estimated as
insignificant one.
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