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Preface

Environmental Chemistry is a relatively young science. Interest in this subject,
however, is growing very rapidly and, although no agreement has been reached
as yet about the exact content and limits of this interdisciplinary discipline,
there appears to be increasing interest in seeing environmental topics which
are based on chemistry embodied in this subject. One of the first objectives
of Environmental Chemistry must be the study of the environment and of
natural chemical processes which occur in the environment. A major purpose
of this series on Environmental Chemistry, therefore, is to present a reasonably
uniform view of various aspects of the chemistry of the environment and
chemical reactions occurring in the environment.

The industrial activities of man have given a new dimension to Environ-
mental Chemistry. We have now synthesized and described over five million
chemical compounds and chemical industry produces about hundred and fifty
million tons of synthetic chemicals annually. We ship billions of tons of oil per
year and through mining operations and other geophysical modifications, large
quantities of inorganic and organic materials are released from their natural
deposits. Cities and metropolitan areas of up to 15 million inhabitants produce
large quantities of waste in relatively small and confined areas. Much of the
chemical products and waste products of modern society are released into
the environment either during production, storage, transport, use or ultimate
disposal. These released materials participate in natural cycles and reactions
and frequently lead to interference and disturbance of natural systems.

Environmental Chemistry is concerned with reactions in the environment.
It is about distribution and equilibria between environmental compartments.
It is about reactions, pathways, thermodynamics and kinetics. An important
purpose of this Handbook, is to aid understanding of the basic distribution
and chemical reaction processes which occur in the environment.

Laws regulating toxic substances in various countries are designed to assess
and control risk of chemicals to man and his environment. Science can con-
tribute in two areas to this assessment; firstly in the area of toxicology and sec-
ondly in the area of chemical exposure. The available concentration (“environ-
mental exposure concentration”) depends on the fate of chemical compounds
in the environment and thus their distribution and reaction behaviour in the
environment. One very important contribution of Environmental Chemistry to
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the above mentioned toxic substances laws is to develop laboratory test meth-
ods, or mathematical correlations and models that predict the environmental
fate of new chemical compounds. The third purpose of this Handbook is to help
in the basic understanding and development of such test methods and models.

The last explicit purpose of the Handbook is to present, in concise form, the
most important properties relating to environmental chemistry and hazard
assessment for the most important series of chemical compounds.

At the moment three volumes of the Handbook are planned. Volume 1 deals
with the natural environment and the biogeochemical cycles therein, includ-
ing some background information such as energetics and ecology. Volume 2
is concerned with reactions and processes in the environment and deals with
physical factors such as transport and adsorption, and chemical, photochem-
ical and biochemical reactions in the environment, as well as some aspects
of pharmacokinetics and metabolism within organisms. Volume 3 deals with
anthropogenic compounds, their chemical backgrounds, production methods
and information about their use, their environmental behaviour, analytical
methodology and some important aspects of their toxic effects. The material
for volume 1, 2 and 3 was each more than could easily be fitted into a single vol-
ume, and for this reason, as well as for the purpose of rapid publication of avail-
able manuscripts, all three volumes were divided in the parts A and B. Part A of
all three volumes is now being published and the second part of each of these
volumes should appear about six months thereafter. Publisher and editor hope
to keep materials of the volumes one to three up to date and to extend coverage
in the subject areas by publishing further parts in the future. Plans also exist for
volumes dealing with different subject matter such as analysis, chemical tech-
nology and toxicology, and readers are encouraged to offer suggestions and
advice as to future editions of “The Handbook of Environmental Chemistry”.

Most chapters in the Handbook are written to a fairly advanced level and
should be of interest to the graduate student and practising scientist. I also hope
that the subject matter treated will be of interest to people outside chemistry
and to scientists in industry as well as government and regulatory bodies. It
would be very satisfying for me to see the books used as a basis for developing
graduate courses in Environmental Chemistry.

Due to the breadth of the subject matter, it was not easy to edit this Hand-
book. Specialists had to be found in quite different areas of science who were
willing to contribute a chapter within the prescribed schedule. It is with great
satisfaction that I thank all 52 authors from 8 countries for their understanding
and for devoting their time to this effort. Special thanks are due to Dr. F. Boschke
of Springer for his advice and discussions throughout all stages of preparation
of the Handbook. Mrs. A. Heinrich of Springer has significantly contributed to
the technical development of the book through her conscientious and efficient
work. Finally Ilike to thank my family, students and colleagues for being so pa-
tient with me during several critical phases of preparation for the Handbook,
and to some colleagues and the secretaries for technical help.
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I consider it a privilege to see my chosen subject grow. My interest in Envi-
ronmental Chemistry dates back to my early college days in Vienna. I received
significant impulses during my postdoctoral period at the University of Cal-
ifornia and my interest slowly developed during my time with the National
Research Council of Canada, before I could devote my full time of Environ-
mental Chemistry, here in Amsterdam. I hope this Handbook may help deepen
the interest of other scientists in this subject.

Amsterdam, May 1980 O. Hutzinger

Twenty-one years have now passed since the appearance of the first volumes
of the Handbook. Although the basic concept has remained the same changes
and adjustments were necessary.

Some years ago publishers and editors agreed to expand the Handbook by
two new open-end volume series: Air Pollution and Water Pollution. These
broad topics could not be fitted easily into the headings of the first three
volumes. All five volume series are integrated through the choice of topics and
by a system of cross referencing.

The outline of the Handbook is thus as follows:

The Natural Environment and the Biochemical Cycles,
Reaction and Processes,

Anthropogenic Compounds,

Air Pollution,

Water Pollution.

DAl ol

Rapid developments in Environmental Chemistry and the increasing breadth
of the subject matter covered made it necessary to establish volume-editors.
Each subject is now supervised by specialists in their respective fields.

Arecent development is the accessibility of all new volumes of the Handbook
from 1990 onwards, available via the Springer Homepage springeronline.com
or springerlink.com.

During the last 5 to 10 years there was a growing tendency to include subject
matters of societal relevance into a broad view of Environmental Chemistry.
Topics include LCA (Life Cycle Analysis), Environmental Management, Sus-
tainable Development and others. Whilst these topics are of great importance
for the development and acceptance of Environmental Chemistry Publishers
and Editors have decided to keep the Handbook essentially a source of infor-
mation on “hard sciences”.

With books in press and in preparation we have now well over 40 volumes
available. Authors, volume-editors and editor-in-chief are rewarded by the
broad acceptance of the “Handbook” in the scientific community.

Bayreuth, July 2001 Otto Hutzinger
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Introduction

Aleksey N. Kosarev! - Andrey G. Kostianoy? (5)

!Geographic Department, Lomonosov Moscow State University,
Vorobievy Gory, 119992 Moscow, Russia

2P.P. Shirshov Institute of Oceanology, Russian Academy of Sciences,
36 Nakhimovsky Pr., 117997 Moscow, Russia
kostianoy@online.ru

Abstract The intensification of complex studies in the Black Sea at the end of the twenti-
eth century was determined by three principal factors: the influence of the changes in the
regional climate during the last decade of the century on the entire Black Sea ecosystem,
the strongest impact of biological invaders on pelagic and bottom biocenoses of the basin,
and the catastrophic reduction in its fishery potential and the large-scale construction
and plans of construction of oil and gas complex structures in the sea area. An integrated
and sustainable development of the Black Sea region will require an interdisciplinary
approach, which the present book reflects.

Keywords Black Sea - Sea of Azov - Environment - Physico-geographical conditions -
Anthropogenic pressure - Pollution

The Black Sea (together with the Sea of Azov) is located deeply inside the con-
tinent and represents the most isolated part of the World Ocean. In the south-
west, it is connected with the Sea of Marmara via the Bosphorus Strait; the
boundary between the seas runs along the line Cape Rumeli-Cape Anadolu.
The Kerch Strait connects the Black Sea and the Sea of Azov; the boundary
between them is defined along the line Cape Takyl-Cape Panagia (Fig. 1). The
length of the Bosphorus Strait is 30 km at a width of 0.7-3.6 km; the depth
of the navigation channel is 20-102 m. The depth of the swell on the Black
Sea side reaches 50 m, while on the side of the Sea of Marmara it is 40 m. The
length of the Kerch Strait is about 41 km at a width from 4.5 to 15 km; its
maximal depth reaches 15 m.

The northernmost and the southernmost points of the sea lie at 46°33'N
and 40°56'N, respectively. The westernmost and the easternmost points of
the sea lie at 27°27'E and 41°42'E, respectively. The maximal length of the
sea along the latitude 42°29'N is 1148 km, while its minimal width along the
meridian from Cape Sarych (Crimea) to the coast of Turkey is only 258 km.

The principal morphometric characteristics of the Black Sea slightly differ
in different publications. In this monograph, the authors accept the following
values: 423 000 km? for the sea area, 555000 km? for its volume, and 1315 and
2258 m for the mean and maximal depths, respectively.
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Fig.1 Bottom topography (isobaths, m) of the Black Sea

In the northwestern part of the sea, major bays are located such as Odessa,
Karkinit, and Kalamit bays. In addition, Samsun and Sinop bays are recog-
nized on the southern coast and Burgas Bay in the west. Minor Zmeinyi and
Berezan’ islands are located in the northwestern part of the sea, and Kefken
Island is located northeast of the Bosphorus Strait.

The bulk of the riverine runoff (up to 80%) is delivered to the northwest-
ern part of the sea by the major rivers such as the Danube (200 km?’ /year),
the Dnieper (50 km?®/year), and the Dniester (10 km?/year). On the Cau-
casian coast of the Black Sea, the sea accepts the waters of the Inguri, Rioni,
Chorokh, and numerous minor rivers. Over the rest of the coast, the runoff is
insignificant.

In the bottom topography of the sea, one can clearly distinguish three prin-
cipal structures: the shelf, the continental slope, and the deep-water basin.
The shelf occupies up to 25% of the total area of the seafloor and, on aver-
age, is restricted to sea depths of 100-200 m. It reaches its greatest width
(more than 200 km) in the northwestern part of the sea, which is entirely
located within the shelf zone. Almost over the entire extension of the east-
ern and southern coasts of the sea, the shelf is very narrow (only a few
kilometers wide); in the western part of the sea, it is wider (a few tens of
kilometers).
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The continental slope includes up to 40% of the seafloor area; it descends
down to depths of 2000 m. It is steep and cut by submarine valleys and
canyons. Its lower part, located at depths of 1500-2000 m, is referred to as the
continental foot; in selected cases, the boundary between the slope and the
foot is poorly expressed. The floor of the basin (35% of the total area) repre-
sents a flat accumulative plain with a surface that gradually declines toward
the center of the sea.

The Black Sea region has always attracted attention, thanks to its unique
natural features, diversity of natural resources, and great economic and
geopolitical importance of the basin of the Black Sea.

The particularity of the natural conditions of the Black Sea lies in the
fact that it the largest basin in the world with a permanent halocline and
a two-layered structure of the waters. The intensive pycno- and halocline pre-
vents the waters from vertical mixing and oxygen penetration to deeper layers
even in the period of the development of the wintertime vertical convection.
Therefore, the entire water column below a depth of 100-200 m represents
an inanimate hydrogen sulphide zone, in which only anoxic processes take
place. About 90% of the water volume does not participate in the processes
of self-purification of the sea.

Owing to the isolated inland position of the Black Sea, the formation of
its hydrological regime proceeds under the control of external factors, such
as heat and moisture fluxes, momentum across the sea surface, and riverine
runoff. Therefore, the sea is distinguished by a high degree of variability in
the hydrological and hydrochemical conditions, especially in shallow-water
shelf areas. This, in turn, affects the biocenoses and, finally, leads to general
changes in the ecosystem of the sea. Its pelagic ecosystem features a low re-
sistance and is very sensitive to climatic changes and anthropogenic impacts,
hiding manifestations of natural factors. During the past few decades, the
technogenous influence on the marine environment has noticeably increased.
It includes chemical pollution, impact of sea transport, mass development of
the predator ctenophore Mnemiopsis leidyi, etc. This resulted in the aggra-
vation of the ecological situation in the sea and led to the development of
negative tendencies.

The natural regime of the Black Sea is relatively well studied. The peak of
intensity of the studies occurred in the 1960s-1980s, when a great number of
expeditions was performed. Starting from the 1990s, after the disintegration
of the Soviet Union, which carried out the bulk of the regular observations,
their number has sharply decreased. Meanwhile, during the last two decades,
international activity at sea has intensified and a significant number of expe-
dition have been performed under the auspices of special programs (CoMS-
Black, NATO TU-Black Sea, Black Sea Environmental Programme, ARENA,
IASON, ASCABOS, SESAME, ALTICORE, MOPED, a series of other projects
of the INTAS, INCO-Copernicus, NATO, International Atomic Energy Agency,
UNESCO IOC, as well as those of the Russian Academy of Sciences, the Min-
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istry of Education and Science of the Russian Federation, and the Russian
Foundation for Basic Research) with the use of modern instruments and tech-
niques for research.

The economic significance of the Black Sea region is determined, first of
all, by its transport and pipeline potentialities and recreation resources. Fish-
ery is also retained in the region’s economy, although, under the present-day
conditions, its significance has strongly decreased. The role of hydrocarbon
resources, to date, has been restricted to oil and gas prospecting in the shelf
areas of the sea.

The high degree of urbanization of the coastal zone of the Black Sea rep-
resents a permanent menace of marine environment pollution. The principal
pollution sources include industrial wastes of large cities and their sanitary
condition. Rivers also influence the pollution of marine environment. This is
especially manifested in shelf regions such as the northwestern part of the
Black Sea. Here, the principal manifestations of the influence of the river-
ine runoff are represented by eutrophication and formation of a near-bottom
hypoxy over vast areas.

One of the most important economic trends of the region is the develop-
ment of transport. Intensive international shipping takes place and a signifi-
cant number of large ports are located here. During these activities, a large
part of the traffic is related to the transport of oil and oil products, which rep-
resents a permanent source of pollution of the sea. Oil enters the environment
as a result of illegal, accidental, and operational discharges from vessels and
oil terminals, as well as from land-based sources. Almost half of the inputs
of oil from land-based activities are brought to the Black Sea via the Danube
River. The most serious aftereffects are related to accidents with ships carry-
ing dangerous cargo, first of all, with tankers. These accidents have damaged
the fishery, mariculture (mussel and shrimp industry), and recreation zones.
A special problem is the navigation of the Turkish straits, where the transport,
legal, and ecological issues are closely interwoven.

Navigation also affects the migration of organisms, which is often unde-
sirable. In the autumn of 1988, the predator ctenophore Mnemiopsis leidyi
started its mass development in the Black Sea. Because of the activity of the
Mnemiopsis population, the planktonic fodder base of planktivorous fishes,
such as Black Sea anchovy has reduced by 3-5 times; the biomass of these
fishes proper, whose juveniles may be directly consumed by this ctenophore,
has also decreased. This book provides an up-to-date overview of the situ-
ation in the Black Sea and the Sea of Azov with regard to the jelly invasions
that have been perturbing the local pelagic ecosystems since the 1980s.

One more effect of marine navigation is the operation of large ports and
terminals. The prospecting and extraction of hydrocarbons and construction
of underwater gas and oil pipelines represent large-scale invasions into the
functioning of marine biota. During the past few decades, owing to these
and other forms of anthropogenic impact, negative changes in the Black Sea
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ecosystem have occurred. Here, one observes a sharp fall in the fishery, a sig-
nificant reduction in the stocks of the principal, valuable commercial fishes,
as well of anchovies, and a suppression of the Black Sea population of dol-
phins. Pollution of beaches and bights by municipal waste, oil products, and
abundant, and often pathogenous microflora, take place. The near-shore pol-
lutants are supplied to the open sea area with the mesoscale vortical currents
and now changes in the ecosystem may be traced over the entire area of
the Black Sea. Owing to different effects, the changes in the physicochemical
regime of the sea proceed, in particular, in the zone of interaction between
oxic and anoxic waters.

At the end of the preceding century, an intensification of the studies of the
Black Sea ecosystem occurred. Its necessity was mainly defined by three prin-
cipal reasons: the influence of the regional climate changes during the last
decade of the last century on the entire Black Sea ecosystem; the strongest im-
pact of species-invaders on the pelagic and bottom biocenoses of the basin
and catastrophic reduction in their commercial potential; and, finally, the
large-scale construction and plans of construction of object of oil and gas
complex in the sea area such as the oil terminal of the the Caspian Pipeline
Consortium (CPC) on the Russian shelf (2001), and the “Blue Flow” (2003)
and “Blue Flow - 2” (nearest future) underwater gas pipelines.

On 15 March 2007, in Athens, an agreement was signed between the
governments of the Russian Federation, Republic of Bulgaria and Greek Re-
public outlining the cooperation for construction and use of the Burgas-
Alexandroupolis oil pipeline. This project implies an extension of the CPC
system and a significant increase in the volumes of the oil transported by
tankers between the CPC terminal near Novorossiisk and Burgas, since the
throughput capacity of the pipeline should range from 35 to 50 Mt per year.

On June 23, 2007, the “Gazprom” Company and the Italian oil firm “Eni”
unveiled a plan for a large new pipeline to take Russian gas under the Black
Sea to Europe. The 900-km “South Stream” pipeline would submerge on the
Russian coast, come ashore in Bulgaria, and then branch to Austria and Slove-
nia in one spur and to southern Italy in another. All these projects require an
adequate estimation of the aftereffects of the increasing anthropogenic stress
on the sea environment.

The countries of the Black Sea basin try to protect the nature of the sea.
They formulated international rules for the cleaning water areas from oil and
waist and scientifically justified regulations of fishery. Special attention is paid
to the most vulnerable shelf areas. The issues of the protection of the natural
environment of the Black Sea are discussed in detail in one of the chapters of
this book.

As to the international legislation, there are selected unsolved issues such
as those about the delimitaion of near-shore aquatic areas between the Black
Sea countries and the demarcation of the boundaries in the Black Sea and the
Sea of Azov, for example in the regions of Tuzla and Zmeinyi islands.
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The results obtained during the past decades are published in numer-
ous articles and monographs; many of them are listed in the reference
section [1-45]. The attention that great to the problems of the Black Sea is ev-
idently a positive fact. Meanwhile, the quickly changing environment of the
basin and the active introduction of new observation techniques and methods
for analysis and calculations require further monographic generalizations.
Therefore, without any doubt, a new book concerning the present-day fea-
tures of the nature of the basin of the Black Sea and their variability is
well-timed and urgent.

This monograph is characterized by the following features. First of all, it is
multidisciplinary, dealing with the principal processes that form the structure
of the sea; it assesses the fundamental particular features of its hydrology, hy-
drochemistry, and biology and also considers ecological and socioeconomic
issues. The book consists of 17 chapters, which may be conventionally joined
into the following sections. The first part contains the chapters devoted to
the history of the studies of the Black Sea, the description of the bottom and
coastal topography, the quaternary paleogeography of the basin, the detailed
information about the riverine runoff, and the estimation of the hydrome-
teorological factors. The second section reflects the character of the hydro-
logical structure and water circulation in the sea, including an analysis of its
mesoscale vortical dynamics based on satellite observations. Subsequently,
the hydrochemical part follows, which concerns both general hydrochemical
structures of the sea and one of its fundamental issues - the character of the
processes within the hydrogen sulphide zone and in the boundary layer at its
upper interface. The biological chapters assess the biodiversity of the Black
Sea and consider in detail the role of invaders in the ecosystem of the sea.
The monograph is completed by a discussion of ecological aspects as well as
social and political issues. An individual chapter of the book is devoted to
the Sea of Azov. It should be emphasized that the authors of all the chap-
ters are specialists who directly participate in the solution of the issues under
consideration.

Another particular feature of the monograph lies in the combination of
different methods used for analysis and calculations. They include address-
ing archived materials, analysis of “classical” observational data on hydrology
and hydrochemistry, use of the satellite data, generalization of the results
obtained in different calculations and numerical modeling. In so doing, the
quantitative estimates obtained with different methods were converted to
a compatible form. Only this kind of an analysis might allow us to adequately
estimate the condition of the natural regime of the Black Sea and the changes
occurring in it.

Thus, this book presents a systematization and description of the know-
ledge accumulated today on the physical oceanography, marine chemistry
and pollution, and marine biology of the Black Sea. Special attention is paid
to socioeconomic, legal, and political problems in the Black Sea region. Mean-
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while, it is not a collection of individual papers; it is a monograph written
by a team of scientists joined by a common understanding of the compli-
cated phenomena and processes that are occurring in the Black Sea. The
publication is based on numerous observational data, collected by the authors
of the chapters during sea and shore expeditions, on the archive data of
Moscow State University, State Oceanographic Institute, P.P. Shirshov Insti-
tute of Oceanology (Russia), and Kovalevskii Institute for Biology of the
Southern Seas, Marine Branch of Ukrainian Hydrometeorological Institute
(Sevastopol, Ukraine), and others, as well as on a wide range of scientific lit-
erature, mainly published in Russian editions. These data are complemented
by the results of a series of Russian and Ukrainian national and international
projects listed below, where an extensive research was carried out over the
past decades.

This book addresses the specialists working in various fields of physical
oceanography, marine chemistry, pollution studies, and biology and studying
a cascade of problems: from regional climate to mesoscale processes and from
remote sensing of the sea to numerical and laboratory modeling. It may also
be useful to students and post-graduates specializing in oceanographic re-
search of the seas. The editors and authors expect that this monograph would
help the readers to complement the information on the nature of the Black
Sea and the Sea of Azov, especially on the present-day condition of this ex-
tremely interesting basin. More information on special issues may be derived
using the reference lists contained in each chapter.

The studies of the authors of this book were supported by the Rus-
sian World Ocean Federal Research Program (project 7), the “World Ocean”
Project 17.4.3 of the Russian Academy of Sciences, the “Black Sea” Project
of the Russian Ministry of Science, Science School Grant N 4376.2006.5 to
ITV, the Program N 17 of the Presidium of the Russian Academy of Sci-
ences (Project 5.4), the INTAS “ALTICORE” and “MOPED” projects, the
“SESAME” and “ASCABOS” EC projects, CRDF Grant RUG1-2828-KS06, the
Bilateral Russian-Greek project “Long-Term Variability of the Hydrophys-
ical Processes and Zooplankton Key Species in the Black and Aegean seas:
Interrelations and Dependencies upon Climate Changes”, and by the Rus-
sian Foundation for Basic Research (projects NN 04-05-65149, 05-05-64927,
05-05-65092, 05-05-65110, 06-05-96676-Yug, 07-05-00141, 07-05-01024, and
07-05-00406).

The editors are grateful to the colleagues from the P.P. Shirshov Institute
of Oceanology, Moscow State University, and Marine Hydrophysical Institute
(Sevastopol, Ukraine) for their long-term fruitful cooperation on the Black
Sea studies.

This book may be regarded as a follow-up volume to our first book in
the Handbook of Environmental Chemistry series published by Springer-
Verlag entitled “The Caspian Sea Environment” (2005) [46]. On behalf of the
authors, we would like to thank Springer-Verlag Publishers for the timely in-
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terest to environments of the Black and Caspian seas and the support of the
publication presented.
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Abstract Oceanographic investigations of the Black Sea have been conducted for more
than 300 years. During this time they have passed from an antique-virtual notion about
this water body, through descriptive geography and various cartographic images, to wide-
scale studies of the hydrological, geochemical, biological, and other problems of the Black
Sea region. Today the Black Sea is considered one of the best-studied regions. There are
more than 3500 publications containing results of oceanographic investigations of this
Sea. Knowledge of the history of investigations enables a deeper insight into the role of
this most interesting water body in development of the Earth sciences, understanding bet-
ter the dimensions of the socioeconomic significance of this vast region located at the
juncture of Europe and Asia.

Keywords Black Sea - Cartography - History - Oceanography - Scientific investigations



12 A.N. Kosarev - I.S. Zonn

1
Introduction

In studies of the Black Sea the greatest credit may be given to the scientists
of the Circum-Black Sea countries, where the investigations of the Soviet and
Russian scientists are most prominent. The Black Sea demands all-round at-
tention not only in terms of the fundamental science, but also its applied
aspects pertaining to utilization of the natural resources of the sea and its
coastal zone. As a result of the breakdown of the Soviet Union two new in-
dependent states have appeared on the Black Sea - Ukraine and Georgia.
This has given new shading to regional problems. The disintegration of the
scientific-information domain had a negative effect on the Black Sea inves-
tigations. However, in the new geopolitical situation researchers are making
their best to restore the scientific potential necessary for further cognition
of this water area. The issues of the rational integrated utilization of marine
resources, control of the observance of the respective international treaties,
especially those related to the environment condition of this water body, are
coming to the fore.

The history of the hydrographic and oceanographic investigations in the
Black Sea has been conventionally divided by the authors into several basic
stages: the Antique period, the Middle Ages, the Peter period, the post-Peter
period, a wider approach to the Black Sea investigations, the period after
World War 11, and recent investigations.

2
Antique Period

Due to its geographical location the Black Sea was well known in antiquity.
Initial data about the Black Sea may be met in the works of the geographers
and writers of the Antique period, mostly in the epoch of Ancient Greece, and
are very informative although rather abrupt. All they contain are the names
that had been used by various peoples, data on the sea geography, shore-
line configuration and nature, and about the population living on the coast.
This enables better apprehension and reconstruction of the sea evolution in
that historical period and, thus, a better understanding of the course of its
further development. This was facilitated, to a great extent, by the surviving
cartographic materials showing the accumulated information about the sea
“condition”.

Homer (seventh century B.C.) said that the Manych River was a strait via
which one could get from Pontus Euxine (Black Sea) as far as the Caspian
Sea. Greek Hecate Milesian (c. 546-480 B.C.) marked many new things on his
map of the Earth. He described in detail the coasts of the Black Sea, likening
its configuration to the “Scythian bow” whose bowstring corresponds to the
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southern coast, and the curved bowstaff to the northern coast with the Taurus
peninsula. Such presentation of the contours of the Black Sea coast can quite
often be found in many Antique works [1]. The Greek historian Herodotus (c.
484-425 B.C.) in his book “Histories” named eight rivers: Istr (Danube), Tiras
(Dnestr), Hipanis (Southern Bug), Borisphen (Dnieper), Hipacirus (possibly
Kalanchak), Gerus and Tanais (Don). All rivers were known to Herodotus in
their lower reaches at their inflow into the Pontus. Strabon, a renowned geog-
rapher of the Ancient times, traveled through the whole southern coast of the
Black Sea as far as Armenia. In his Geography he called Pontus the eastern bay
of the Mediterranean Sea and estimated its circumference as 25 000 stadia (Ro-
man unit of length equaling 185 m). At the same time he wondered why the sea
had so much water: “Whether Pontus flowed into the Mediterranean Sea or the
Mediterranean Sea flowed into Pontus?” Quite remarkable are the speculations
of Strabon about the sea bed (Book 1, Chapter 3). Refuting the Eratosthenes
opinion that Pontus overfilled with river waters and broke a channel nearby
Byzantium through which water flowed into Propontis (Sea of Marmara) and
the Mediterranean Sea, Strabon thought that this happened when the Pon-
tus bed became higher than the bed of the Mediterranean Sea due to river
sediments. The most ancient sailing book Periple of Pontus Euxine (fourth
century B.C.) of the well-known Roman writer and statesman Flavy Arian,
made on the basis of earlier sources and his voyage from Trapezund (Tra-
bizond) to Dioscuriada (Sevastopol), contained names of many settlements.
Arian gave a detailed description of the Achilles Island, presently Zmeinyi.
Claudius Ptolemy (second century B.C.) in his Geography (Book VIII, Chap-
ters 8-10) presented the eighth Europe map; the second Asia map covered
the European and Asian Sarmatia. The hydrographic network here comprised
three rivers: Borisphen, Tanais, and Ra (Volga). On the map were shown the
Pontus (Black) and Meotian (Azov) Seas as well as Chersonese Tauric and
Colchis, between the Black and Caspian Seas. Ptolemy had a great influence
on the map-makers of the Roman Empire. Pliny the Senior (23-79 B.C.) paid
much attention to the Black and Caspian Seas and nearby territories.

Paytinger on his map (allegedly dated 500 B.C.) located Pontus Euxine with
great distortion as well as the Meotian Lake (Azov Sea). He also marked Agal-
inus (Dnestr), Celliani which flowed into a river running from the “Hipanis
bog” (Southern Bug), and Nisanus (Dnieper).

A bronze Greek shield was found on the Euphrates with the engraved frag-
ment of a traveler’s map showing some parts of the Black Sea - Odessos,
Bibona, Callatis, Chersonese and others.

Studies of the Black Sea began in the period of appearance of Greek settle-
ments on its coast. At first the Black Sea was called by the Greek voyagers the
Pontus Auxine, inhospitable sea, but when they settled down on its shores and
formed their colonies there they started calling it Pontus Euxine, hospitable
sea. The Black Sea was known to the Romans who in the first century B.C.
extended their reign over the whole sea coast.
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The Antique period gave initial geographical and cartographic notions
about the Black Sea within the framework of the Earth description in general.

3
Middle Ages

In the Middle Ages the interest to the Black Sea was stirred mainly due to its
favorable geographical location on the main merchant ways from Europe to
the south and east. Here the well-known path “from Varangians to Greeks”
appeared. In the ninth century A.D. the merchants from Kiev, Novgorod, and
other Russian cities started using this way to get from the Baltic to the Black
Sea, and from that time in some sources this sea was referred to as the Russia
Sea (on some maps this name was used from the eighth to fifteenth centuries).
By that time, Byzantine had already detailed descriptions of its coastline;
maps (portolans) of some parts of the Black Sea coast were made. The out-
lines of the Black Sea on them are very close to the present ones.

In 1021 Al-Biruni prepared a map of seven seas. Inside a ring there was
drawn a smaller-sized disc with five bays or seas jutting into it (one of the bays
include two seas — Mediterranean and Bar Bontis (Black Sea)).

In 1154 Idrici prepared a map on 17 sheets and a round general map of the
Earth. It is interesting to note that in its part oriented southwards, where the
Russian lands located, the Black Sea was found in the upper part.

In the late twelfth to early thirteenth centuries, the Ottoman Empire be-
came established on the Pontus coast and until the end of the seventeenth
century the sea was often called the “Turkish Lake”, as all other Circum-Black
Sea territories belonged to the Ottoman Empire.

In 1318 Pyotr Vesconte made up the Atlas of navigator charts that included
the map of the Black Sea. The outlines of the Black and Azov Seas in it were
similar to their contours on ordinary sea maps.

The Medici Atlas of 1351 comprised the Black Sea map that was no differ-
ent from other known maps of this sea. The Black Sea as well as the Azov Sea
had its ordinary outlines although the Black Sea was linked with the Caspian
by a river called “Asso”. Three rivers flow along straight lines from the north-
west to the Black Sea; the easternmost river (Dnieper) had a tributary.

With time, the ancient periples were modified into Medieval navigator
charts. Many of them depicted the coast of the Black and Azov Seas. The Ital-
ian navigator charts usually presented only the northern and eastern coast
of the Black Sea. In 1448, the Benedictine monk Andreas Valeperger in Con-
stance made the World Map. The outlines of the Black and Azov Seas only
vaguely resembled their contours on the Ptolemy maps or navigator charts.
The Black Sea ports marked were Suastopolis (Fazis) on the Caucasian coast
and Album Castorum (“White Camp”, now Akkerman) in the mouth of the
Nester (Dnestr) River.
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In the Middle Ages the initial scientific-geographical notions about the sea
were being shaped.

4
Peter-the-Great’s Black Sea

The first Russian maps and descriptions of the Black and Azov Seas date back
to the sixteenth century. With opening of an access for Russia to these seas the
period of their detailed and systemic studies began.

The great drawing book (1627) provided brief data about the Black Sea with
the description of its southern coast.

Simultaneously with creation of the Azov fleet, Russia organized hydro-
graphic works. In 1695 a Colonel of the Preobrazhensky regiment, Yu.A.
Mengden, conducted topographic-geodetic surveys in the area of Russian
troop movement to the Azov Sea. After seizure of Azov in 1696, Ya.V. Bryus
used the results of these surveys and other cartographic materials to prepare
the Map of Southern Russia on which the Black and Azov Seas, and the basins
of the Dnieper and Don Rivers were shown. In the same year by the order of
Peter I the first nautical inventory of the Taganrog Bay of the Azov Sea from
the Krivaya bar to the mouth of the Don River was made. This inventory was
used for the preparation of a plan that became the first Peter’s navigator chart
created on the basis of direct measurements. In 1699 during the voyage of the
“Krepost” (“Castle”) ship from Azov to Kerch and further on to Constantino-
ple sea measurements were carried out en-route. From the results obtained
Admiral K. Kryuis “under direct supervision of Peter I” made up a map of the
eastern part of the Azov Sea. The next year H. Otto, a senior navigation offi-
cer of the “Krepost” ship, prepared a Mercator’s map of the Black and Azov
Seas at a scale of about 1: 1800000 on the basis of measurements made dur-
ing the 1699 voyage. The map showed depths along the southern coast of the
Crimea Peninsula, near the entrance and in the Bosphorus Strait. The map
was published in Amsterdam. Using the results of hydrographic works the
Dutch carver A. Schonebek engraved the map Eastern part of the Palus Meotis
Sea, now called the Azov Sea. It showed a sea coastline, a grid of parallels and
meridians, depths, anchorage places, and cities. The map scale was 1 : 700 000.
It was published in Moscow.

In 1701-1702 Dutch naval officer Peter Bergman made the Map of the Azov
Sea and Don River from Korotoyak to Azov and Taganrog and Dolgaya bar. In
1702 in Voronezh he drew the New map of the Azov Sea.

In 1702-1704 P. Pikar published in Moscow the map Direct drawing of
the Black Sea from Kerch city to Tsar Grad. It showed such cities as Ben-
dery, Ochakov, Taman, Trapezund, Tsargrad and had an insert showing the
Bosphorus Strait with depths marked along the fairway.
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In 1703-1704 in Amsterdam the Atlas of the Don River, Azov and Black Seas
prepared by Admiral K. Kruis was published. It comprised descriptions and
17 maps. The maps were made by the cartographic materials collected during
sea voyages of the ship “Krepost” in 1699. The maps showed depths, shoals,
inflowing rivers, harbors, and cities. All maps were hand-painted. This atlas
is considered the first significant work of Russia cartography.

In 1706 the Description of the Black Sea was published. It was prepared
by P.A. Tolstoy, the first permanent ambassador in Russian history in the Ot-
toman Empire [2].

5
Post-Peter’s Black Sea

After signing of the Karlovits Peace Treaty (1699), which attached Azov to
Russia, the Russian society started showing a growing interest in the Black
Sea basin. At the same time this stirred anxiety among the political and mili-
tary elite in the Ottoman Empire. The early eighteenth century in Turkey was
the time of appearance of descriptions of strategic points and of the modern
state of Ottoman ports and fortifications on the Black Sea, especially on its
northern shores, with a view to drawing attention to the position of Black Sea
fortresses and their significance for the Empire.

In 1728 the Academy of Sciences started publishing calendars (from 1768
they were called “menologies”). Many maps included in them represented
original works that stirred great interest. Thus, Ya. Schmidt prepared the Map
of the Black Sea and Map of regions on the Black and Caspian Sea coast.

In 1734 the General map of the Russian Empire prepared by LK. Kirilov was
published. The sheet of the European part of Russia showed the Black and
Azov Seas. In 1739 the map of the Black Sea made by Vitsen was included into
the special navigation atlas of L. Renare.

The Russian-Turkish war and actions of the Russian fleet on the Black Sea
demanded new truthful maps, which is why in 1755 Lieutenants I. Bersenev
and L. Pustoshkin started surveys of its coast. In 1785 they prepared the At-
las of the Black Sea comprising 11 handmade maps. After the creation in 1768
of the Azov fleet, the surveys of the Azov Sea were started guided by Admi-
ral A.N. Senyavin and in 1771 his new map appeared. Continuing with this
work, Lieutenants Yelchaninov and Zaostrovsky made a description of the
coast near Taganrog. In 1778 the Kerch Strait was described by Lieutenant
Karyakin, and in 1785 by Rostovsev.

However, none of these maps came out and foreign seamen used French
maps prepared by Bellen in 1772 and Delmarche in 1785. It should be noted
that the Bellen map contained serious mistakes: the shores of the Black Sea
were marked with an error of up to 120 km, and 75 km for the Azov Sea. The
Don mouth was shown 185 km eastward of its actual location.
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In 1783 after attachment of the Crimean Peninsula and Northern Circum-
Black Sea region to the Russian state the powerful Black Sea fleet was created;
new ports, military bases, and lighthouses were built. Beginning from this
time, regular hydrographic works were conducted in the Black Sea, primarily
for preparation of navigation charts to meet the needs of the Black Sea navy.
The information about the Black Sea was updated to a great extent. New at-
lases and maps were prepared and published, including abroad, that verified
the coastline, showed the sea depths to more than 500 m, and showed bottom
sediments. In 1771 Admiral A.N. Senyavin published a map of the Kerch Bay
and the Azov Sea. In 1783-1786 naval officer Bersenev described the shores of
a 50 kmlong stretch from Tarkhankut Cape to the Kerch Strait. In 1795 the map
of the northern coast of the Black Sea on three sheets appeared that was made
by order of Vice-Admiral De Ribas. Captain LI. Billings prepared a handmade
atlas on 45 sheets with views of the ports and coast of the Black Sea.

In 1797-1798 the reconnaissance description of the northern coast of the
Black Sea (from the Dnestr to the Kuban River) was made under supervision
of LI Billings and with the participation of I.M. Budischev, A.Ye. Vlito and
others. These works were the basis for the Atlas of maps and layouts of the
Black Sea from Dnestr to Kuban River (1799).

In 1799, as a result of studies of the mounts of the Dnieper, Dnestr, and
Danube Rivers, LI. Billings prepared the first Atlas of the Northern Black Sea.
On the basis of these works, in 1807 I. Budischev prepared the manuscript
Sailing chart or guidelines over the Black and Azov Seas. As a result, in 1817
the Atlas of Maps appeared, whose quality was superior to all available foreign
maps of the Black Sea.

6
A Wider Approach to Black Sea Investigations

With the development of the scientific geographical idea and formation of
some “sectoral” sciences, the issue of organization of regular works for the
study of specific physical, hydrological, and hydrobiological features of the
Black Sea and its water regime came to the fore. A network of hydrome-
teostations was created on the sea coasts and regular observations of the
hydrometeorological regime were conducted.

In 1801-1802 the inventory of LI. Billings was continued by Lieutenant
I.M. Budischev and Warrant Officer N.D. Kritsky, who covered the western
coast of the Black Sea from Odessa to the Bosphorus Strait, while Lieutenant-
Commanders A.Ye. Vlito and P.A. Adamopulo covered the Anatolian coast
from Constantinople to the Samsun Cape. A.Ye. Vlito and N.D. Kritsky also
prepared the inventory of the whole Azov Sea and Kerch Strait and in 1804
the Azov Sea map was published. In 1807 on the basis of these works and
LI Billing’s inventory, maps of the Black and Azov Seas were published.
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In 1804 A. Vilbrecht prepared a general map of the Black Sea on two sheets,
which was called Sea map of the Black, Azov and Marmara Seas based on most
recent surveys and astronomical observations of the Russians and French.

Beginning from 1807 and through 1825 the reconnaissance sea invento-
ries of some areas of the Black Sea were prepared under the supervision of
.M. Budischey, EF. Bellinsgausen, N.D. Kritsky and others.

In 1808 the first part of the navigation chart or Sea guide of the Azov and
Black Seas of I.M. Budischev came out. Its contents were close to the present-
day navigation charts.

In 1811 the third volume of the works of Academician P.S. Palass
Zoographia Rosso - Asiatica, devoted to the Black Sea ichthyofauna, came out.
Later fauna and flora studies were conducted by other biologists who visited
the Black Sea in the early nineteenth century: M.G. Ratke, A.D. Nordman, and
A.F. Middendorf.

The hydrographic surveys for the Budischev’s navigation chart were added
to the results of the Caucasian coast inventory conducted in 1816 by Captain
EF. Bellinsgausen and enabled publication in 1817 of the General map of the
Black and Azov Seas.

In 1820, by agreement between the Russian and French governments, a de-
scription of the Black Sea was made on the ship “La-Chevrette” under the
command of Captain Gautier, and two years later the sea map came out in
France.

At that time in 1832 at the Russian Black Sea Navy headquarters, the Hy-
drographic Department was organized such that it comprised a hydrographic
depot and an instrumental chamber. In this way the Hydrographic Depart-
ment of the Black Sea Navy started its activity.

In 1833 during a visit of a squadron commanded by M.P. Lazarev to Turkey
the description of the Bosphorus and Dardanelles was made by Lieutenants
Ye.V. Putyatin and V.A. Kornilov. In 1842 the Atlas of ices of the Black and
Azov Seas was prepared.

Similar mapping of the Black and Azov Sea coasts was conducted during
expeditions of Ye.P. Manganari (1825-1836), as a result of which in 1936 he
prepared the new General map of the Black Sea and in 1842 the detailed Atlas
of the Black and Azov Seas coasts showing bottom sediments, currents, and
depths to 300 Russian fathoms (1 Russian fathom = 1.852 m).

In 1841-1842 the Depot of Maps of the Black Sea Navy produced the first
copies of the Atlas of the Black and Azov Sea maps. This publication was
completed in 1844. For the first time in the Russian sea cartography the un-
derwater relief on maps of the atlas was depicted with the help of isobaths.

Coastal studies and measurements of depths of the Black Sea were con-
tinued on instructions from famous Russian seafarer and naval commander
M.P. Lazarev.

In 1847 Lieutenant-Commanders G.I. Butakov and I.A. Shestakov (cut-
ters “Pospeshny” and “Skoryi”) conducted sea surveys of the Caucasian
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and Crimean coasts, Bug River, Dnestr lagoon and a coastal part between
Ochakov and the Danube River mouth (1848), the Anatolian coast of Turkey
(1849), and the shore of the Constantinople Strait to the Danube River mouth
that added to the data of Ye.P. Manganari. In 1851 on the basis of these ma-
terials the Navigation chart of the Black Sea was published, which for a long
time was the basic aid during voyages over the Black Sea.

In 1854 the Navigation chart of the Azov Sea was published. It was prepared
by A. Sukhomlin on the basis of his works of 1850-1851.

Systematic observations of the sea level by tide gauges and also current
studies with the help of “bottle mail” were started in 1855. In 1868, deep-
water measurements of water temperature and density were carried out from
the corvette “Lvitsa” during installation of a telegraph cable from Feodosia to
Adler. They showed that in the Black Sea the water density increases with the
depth.

In the same period, stationary hydrometeorological observations were ini-
tiated. The first hydrometeorological station on the Black Sea, which later
became an observatory, was founded in Nikolayev in 1801. Stations were then
founded in Kherson (1808), Odessa (1821) and Sevastopol (1824). Systematic
observations were conducted by stations in Nikita (1826), Karadag (1831),
Kerch (1863), Yevpatoria (1866), Yalta (1869) and others. In some years hy-
drometeorological observations were interrupted for some reasons and then
resumed again. By the end of the century the Hydrographic Department had
already several dozens of hydrometeorological stations, including those on
the shores of Turkey (Sinop, Trabzon).

A new stage in detailed and systematic investigations of the basin began
with organization in 1871 of the hydrographic expedition to the Black and
Azov Seas under command of Captain V.I. Zarudny. The result of this expedi-
tion was a publication of finely designed maps of the Black Sea coast, both of
the whole sea and detailed maps of its separate parts. Within the framework
of this Hydrographic Expedition a special hydrological team was functioning
led by EF. Vrangel that carried out significant oceanographic investigations
(measurements of currents, temperature and salinity in surface and deep wa-
ters) in the northwestern part of the sea, Kerch Strait, near Crimean and
Caucasian coasts.

A significant event in the study of the Black Sea was an organization in
1871 of the first sea biological station in Odessa, which several years later was
moved to Sevastopol. Its first director was Academician A.O. Kovalevsky. Now,
this is a widely known Institute of Biology of the Southern Seas (IBSS) of the
National Academy of Sciences of the Ukraine, named after its founder. With
the appearance of the biological station in Sevastopol the studies of flora and
fauna of the Black Sea acquired a systematic nature. Thus, in the early twenti-
eth century the hydrobiological investigations led by S.A. Zernov covered an
extensive offshore zone. In 1909 in the northwestern part of the sea there was
found a great community of red algae phyllophore, known in the literature
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as “Zernov’s phyllophore field”. In 1913 S.A. Zernov published the results of
his investigations in the monograph Study of the life in the Black Sea. Fauna
studies of the Novorossiysk Biological Station of the Odessa University and
the Karadag Biological Station (established in 1914) deserve high credit.

In 1881-1882 the outstanding Russian oceanographer and Naval Com-
mander (later Admiral) S.0. Makarov using the Istanbul-based Russian ship
“Taman” carried out detailed hydrological observations in the Bosphorus
Strait that included measurements of water temperature, water salinity, cur-
rent velocity and direction. On the basis of these observations he found that
there were differently oriented currents: the upper current in the Strait went
from the Black Sea to the Sea of Marmara and the lower one in the back-
ward direction. In this way the remarkable phenomenon of the Black Sea
was discovered that explained the specific features of its hydrological struc-
ture. In 1885 the results of works in the Bosphorus Strait were published by
S.0. Makarov in his famous paper About water exchange of the Black and
Mediterranean Seas [3], which got the award of the Russian Academy of Sci-
ences.

The late nineteenth century is characterized by further systematic pooling
of knowledge on the hydrology of the Black and Azov Seas. Special expe-
ditions were organized for carrying out hydrological investigations, regular
observations of currents were conducted on floating lighthouses, and new
hydrometeorological stations were opened.

Of great significance for the extension of knowledge on the general hydrol-
ogy of the Black Sea was the organization in 1890-1891 of the first complex
oceanographic Black Sea expedition on the gunboats “Chernomorets” (1890),
“Donets” and “Zaporozhets” (1891). The expedition was led by I.B. Shpindler.
Hydrographer EF. Vrangel, geologist N.I. Andrusov, chemist A.A. Lebed-
intsev, and biologist A.A. Ostroumov [4] also participated. During this ex-
pedition approximately 200 deep oceanographic stations were carried out,
and a cold intermediate water layer with a temperature lower than 8°C
was discovered. Quite unexpectedly, it was found that the whole water col-
umn below 200 m was contaminated with hydrogen sulfide. Its presence was
discernable even by the smell of deep water samples. Chemist N.D. Zelin-
sky (later, an Academician), who also worked in this expedition, attributed
the presence of hydrogen sulfur to the action of a specific group of anaer-
obic bacteria. In 1891 samples were taken with a special bathometer with
a gilded internal surface. The deep-sea waters were devoid of any living or-
ganisms. Near the entrance into the Bosphorus was found water with a salin-
ity of approximately 34%o, which came with the deep current from the Sea
of Marmara. This finally proved that the deep waters of the Black Sea are
formed by mixing of local water with water from the Sea of Marmara. There-
fore, this expedition brought outstanding oceanographic discoveries. The
work of this expedition was later continued by the sea observatory of the
Black Sea Navy.
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Generalized data on the hydrometeorological regime of the Black Sea were
placed in navigation charts and in special publications. In 1908 the Atlas of
winds and mists of the Black Sea was published, and in 1915 the next issue
of the navigation chart of the Black Sea. Publication of monthly weather re-
views was initiated, and some climatic data on the Turkish coasts of the Black
Sea were published. In 1908-1914 hydrographic surveys of the coasts were
conducted and the maps of the Black Sea verified.

The works performed till 1914 provided the first detailed, triangulation-
based description of the Black and Azov Seas. By the beginning of the First
World War Russia could boast the best knowledge of hydrography of these
seas.

7
USSR Investigations

The Soviet period was a qualitatively new stage in the investigations of the
Black Sea: more planned and regular, more active, and covered all aspects of
ocean science.

In 1921 a decree was passed that established a hydrometeorological ser-
vice of the Soviet Union. By this time the Azov-Black Sea basin already had
a network of hydrometeorological stations that conducted standard coastal
observations. Offshore observations were conducted by fishing vessels and
hydrographic ships, often incidentally while passing from one port to an-
other. After the Civil War in Russia (1917-1922) the sea scientific investi-
gations became systematic. In 1922 these researches were conducted by the
Azov-Black Sea research-fishing expedition led by N.M. Knipovich, one of the
top sea researchers. The investigations covered a strip of the Black Sea along
the USSR coast more than 100 km wide. The expedition functioned success-
fully until 1928. During this time it studied in detail the physical and chemical
conditions of sea water influencing the formation of a fishing base and eval-
uated the fish resources. The data obtained helped to verify the distribution
of oxygen and hydrogen sulfide in the Black Sea. The results of extensive ex-
pedition works in 1922-1928 were included in the first generalizing summary
on Black Sea hydrology prepared by N.M. Knipovich [5]. In particular, it gave
a scheme of surface currents, the main features of which are recognized at
present (large-scale cyclonic vortices in the eastern and western parts of the
sea — “Knipovich goggles”).

Initial oceanographic investigations of the Black Sea were finalized, in
general, by the expedition under the command of Yu.M. Shokalsky [6] and
later V.A. Snezhinsky. The expedition took place in the period from 1928 to
1935. Observations were conducted on vessels “Ingul”, “Dunai”, and “Gidro-
graf” in all seasons of a year. Sea works were assigned to the sea observatory
and biological station in Sevastopol. During this expedition there were orga-
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nized 53 cruises in which approximately 1600 oceanographic stations were
made. These measured sea water temperature and salinity at all depths down
to the seabed, and collected over 2000 biological and geological samples.
The materials of this expedition were the basis for the fundamental work of
A.D. Arkhangelsky and N.M. Strakhov on the geological structure and the
history of the Black Sea depression development [7]. Detailed investigation of
the water vertical hydrological structure had shown that mixing of the upper
oxygen and the lower hydrogen sulfide layers of sea water did occur, although
rather slowly. Chemical analyses helped to find that nearly all hydrogen sul-
fide contained in deep waters is formed as a result of reduction of sea water
sulfates by the carbon of organic matter with the participation of bacteria. Bi-
ological investigations revealed seasonal variations of plankton, and by-depth
distribution of benthos. The Black Sea oceanographic expedition was one of
the most successful ventures in the study of this water body.

During 1928-1938 regular oceanographic investigations in the Black Sea
were conducted by the Sevastopol sea observatory. At that time, monthly syn-
chronous 50-mile profiles normal to the coast were made. In 1929, on the
initiative of V.V. Shuleikin, a sea hydrophysical station (now a branch of the
Marine Hydrophysical Institute, National Academy of Sciences of the Ukraine,
MHI NASU) was established in Katsiveli near Yalta. In 1932 the expedition
of the Hydrometeorological Service of the Black and Azov Seas, together
with the Sevastopol Biological Station led by V.V. Shuleikin, conducted im-
portant oceanographic investigations in the eastern part of the Black Sea
during wintertime. The results of these works were the basis for plotting dy-
namic maps of currents and making descriptions of cold water distribution
in the sea.

In the late 1940s classical works of the famous biologist V.A. Vodyanitsky
were published where he, proceeding from the results of biological and hydro-
logical observations, validated the logical model of a vertical structure and
general circulation of waters in the Black Sea [8]. Its main idea was that the
whole sea water column represented a unity subject to a system of vertical and
horizontal movements from the surface to the bottom. Here V.A. Vodyanitsky
admitted that exchange between the surface and deep water masses went on
slowly, while evaluations of its rate were rather approximate [8].

In the Soviet Union, the research institutes and organizations of Sevastopol
had at their disposal well-equipped research vessels and played a leading role
in the studies of the Black Sea. These were, first of all, the Marine Hydrophys-
ical Institute (R/V “Mikhail Lomonosov”, R/V “Akademik Vernadsky”, R/V
“Professor Kolesnikov¢” and the Institute of Biology of the Southern Seas
(R/V “Akademik Kovalevsky”, R/V “Professor Vodyanitsky”) of the USSR
Academy of Sciences, now the National Academy of Sciences of the Ukraine.
In addition, there were the bases of research vessels of the Sevastopol Branch
of the State Oceanographic Institute (SB SOI) and the Hydrographic Service
of the Black Sea Navy. Sevastopol was also a port of registration for re-
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search vessels of the M.V. Lomonosov Moscow University (“Akademik Petro-
vsky”, “Moskovsky Universitet”) whose summer cruises were combined with
the student’s practical course. For nearly three decades, (1961-1989) R/V
“Miklukho-Maklai” was used by the Odessa Branch of IBSS for detailed inves-
tigation of the environmental conditions in the northwestern part of the sea,
including its deterioration from the early 1970s.

The 1950s were characterized by in-depth studies of the sea hydrology. By
the joint efforts of the hydrographic organizations, and establishment of the
Hydrometeorological Service and of research institutes of the USSR Academy
of Sciences, Ministry of Fishery and other departments, the Black Sea was
covered by a dense network of synchronous complex oceanographic surveys.
During a year up to 1000 oceanographic stations were made.

In Gelendzhik, the Southern Branch of the Institute of Oceanology of
the USSR Academy of Sciences was actively functioning. The main subject
of the Institute research was study of specific features of water mass and
currents. Observations were carried out in open sea, from vessels, and on
autonomous (the so-called buoy) stations in the coastal zone. Here in the
late 1950s the expeditions were organized on research vessels “Akademik S.
Vavilov”, “Akademik Shirshov”, particularly for study of the shelf area and
geological structure of the Black Sea depression. From the results of these
expeditions, more accurate bathymetric, geophysical, and geomorphological
sea maps were prepared. Novorossiysk was the base of large vessels of the
Institute of Oceanology: R/V “Vityaz” and R/V “Professor Shtokman”. In
the 1950s-1980s the most detailed and diversified investigations of the Black
Sea were conducted during many of the aforementioned expeditions. Other
research vessels were also used for these purposes. The expeditions were con-
ducted by institutes and organizations of the Soviet Union and later on of
Russia, Ukraine, and other Black Sea countries.

International cooperation was widely developed. In 1957-1959 a sizable
contribution to a collection of on-field data was made by interdepartmen-
tal expeditions under the program of the International Geophysical Year.
Such large organizations as the USSR Hydrometeorological Service, the USSR
Academy of Sciences, and others took part in it. For the first time, the ob-
servations and measurements enabled tracing of the mesoscale variability of
a thermohaline structure of waters and currents. From 1961 the USSR Hy-
drometeorological Service initiated regular seasonal observations on several
“century” sections. Six of them were selected in the Black Sea: Bolshoy Fontan
Cape - Tarkhankut Cape, Tarkhankut Cape - Zmeinyi Island, Khersones -
Bosphorus Strait, Sarych Cape - Inebolu Cape, Kadosh Cape - Unye, and
Yalta - Batumi. On each section there were from nine to 20 oceanographic
stations. The materials received from these sections helped to reveal an inter-
annual and seasonal variability of the sea regime.

In 1950-1970, using the materials of multi-year observations of the Basin
Hydrometeorological Service, the following hydrometeorological handbooks
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very important for the national economy were published: Climatic and hy-
drological atlas of the Black and Azov Seas (1956), Atlas of ices of the Black
and Azov Seas (1962), Catalog of level observations in the Black Sea (1969),
and Handbook on hydrological regime of seas and river mouths (1970). They
were arranged in four volumes and summed up the basic hydrological char-
acteristics of the coastal zone of the Black and Azov Seas. There was also the
Handbook on the Black Sea climate (1974) and other works.

The results of oceanographic studies of the Black Sea accumulated by that
time were published in the summary work of A.K. Leonov Regional oceanog-
raphy [9] and in the monograph of D.M. Filippov Circulation and structure
of the Black Sea waters [10]. In 1976-1978 the joint program of integrated
oceanological investigations of the Black Sea (“SKOIC”) was implemented
with participation of the main Black Sea organizations (MHI, IBSS, SB SOI,
Hydrographic Service of the Black Sea Navy). The works under this program
were targeted to assessment of hydrological changes in the Black Sea with re-
gard to anthropogenic effects. The results were summarized in collections of
articles. The materials received by the 1980s made it possible to move from
characterization of the average multi-year regime of the Black Sea to analysis
of its dynamics. This was reflected in the monograph prepared by A.S. Bla-
tov, N.P. Bulgakov et al. Variability of hydrophysical fields in the Black Sea [11],
which was the first to provide assessments of a wide range of variability from
short-term to year-by-year.

The specific features of these investigations in the period in question were
an integrated approach, participation of several organizations, and also ap-
plication of the newest autonomous and remote-sensing devices, non-contact
methods of measurements (from aircrafts and satellites) and others. Some
observations were conducted in accordance with international cooperation
plans. Investigation results were also summarized in collective monographs
of MHI edited by B.A. Nelepo Integrated investigations in the Black Sea (1979)
and Integrated oceanographic investigations of the Black Sea (1980).

In the 1980s the P.P. Shirshov Institute of Oceanology of the USSR Academy
of Sciences started intensive study of the present state and changes in the
ecosystem of the Black Sea pelagic zone, led by Academician M.Ye. Vino-
gradov. Within the framework of this project there were organized expedi-
tions on the R/V “Vityaz” (March-April 1988) and R/V “Dmitry Mendeleev”
(July-September 1989). Special attention was drawn to the effect on the
Black Sea ecosystem of the invader comb-jellyfish (Mnemiopsis leidyi), which
spread extensively in the sea in the late 1980s. In 1991 the investigations of the
Black Sea ecosystem on the R/V “Vityaz” were continued in the winter season
(February-April), which had been less studied. The results of this program
were published in the book Black Sea ecosystem variability [13]. At the same
time, the USSR Hydrometeorological Committee within the framework of the
project “USSR Seas” published the summarized results and estimates of many
parameters characterizing the Black Sea regime [14].



Brief History of the Black Sea Exploration and Oceanographic Investigation 25

Scientific investigations of the Black Sea were characterized by a consider-
ably increased volume of works, especially targeted systematic works to meet
the needs of the national economy for multipurpose utilization and trans-
formation of natural (biological, mineral, and recreational) resources of the
sea. These investigations were aimed, first of all, at receiving information
about natural-ecological conditions of the sea, its regime, main processes,
interactions among some components of the water environment, and regular-
ities contributing to its formation; study of the genesis of natural events, their
variability in time, and their forecast. Thus, there was a transition from gen-
eral description to study of life processes in the water environment and their
casual links.

8
Investigations Made by Bulgaria, Romania, Turkey, and USA

In Bulgaria, the Black Sea studies were concentrated in Varna, where the
Fish Resources Institute founded in 1954 (in 1932 - Marine Biological Sta-
tion) and the Institute of Oceanology of the Bulgarian Academy of Sciences
(BAS), formed in 1973, are located. Bulgarian researchers paid much atten-
tion to the oceanography of the western part of the Black Sea, including such
issues as the effect of the Danube outflow on the regime of this water area,
and oceanography of the Circum-Bosphorus region. The international experi-
ment “Kamchia” deserves special mention. It was conducted in the late 1970s
under the program of the CMEA member countries (Council of Mutual Eco-
nomic Assistance) using the experimental base of the Institute of Oceanology,
BAS near Varna. Specialists from Bulgaria, Soviet Union, German Democratic
Republic, Poland, and Romania took part in these research efforts. The ex-
periment was targeted to study the interaction and exchange processes in the
atmosphere-hydrosphere-lithosphere system in the coastal zone of the sea.
The results of the international experiment “Kamchia-77” entitled Interaction
of the atmosphere, hydrosphere and lithosphere in the sea coastal zone were
published in 1980. A team of Bulgarian scientists also prepared the review
Black Sea describing the main specific features of this water body [12].

In Romania, oceanographic studies of the Black Sea are conducted by the
Marine Research Institute in Constanta. Their target is the shelf zone. For
a long time the Romanian-Ukrainian team had been engaged in studies of
the Danube River delta, which is under the jurisdiction of both countries.
In 1979-1999 environmental monitoring in the Danube mouth area was con-
ducted.

Turkish oceanographers study the vast zone along the southern Anatolian
coast and also water exchange in the Bosphorus Strait. They have at their dis-
posal the research vessels “Piri Reis” of the Institute of Marine Sciences and
Technology in Izmir, “Bilim” of the Institute of Marine Sciences, Middle East
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Technical University in Erdemli, and other vessels. Turkish specialists take an
active part in voyages over the Black Sea organized by western countries and
international organizations.

Scientists from the USA, in particular the Woods Hole Oceanographic In-
stitute, are seriously engaged in Black Sea studies. In 1969 the voyage of the
R/V “Atlantis II” was organized, which lasted for seven weeks. Determination
of the age of the upper sedimentary layers in the sea depression helped to
reveal that the modern sedimentation processes developed here much more
intensively than on the Atlantic seabed. In 1975 there was organized a short
voyage on the R/V “Chain”. Among the obtained results was a chronology of
geological sediments determined on the basis of ground samples analyses. In
summer 1975 a special drilling ship “Glomar Challenger” was working in the
Black Sea and drilled three wells that enabled more accurate timing of the
sea depression formation. In 1988 there was organized an international geo-
logical expedition on R/V “Knorr” that included five cruises. Oceanographers
from the USA, Turkey, and several European countries worked on it. In 1974
Woods Hole Oceanographic Institution published The Black Sea (it’s geology,
chemistry, biology), a bibliography by Phyllis N. Laking.

9
Recent Studies

Present-day Black Sea investigations are characterized by application of prob-
ing devices, autonomous units, and remote sensing (satellite-based) tech-
niques for receiving information, in combination with in-situ observations.
Satellite data (optical and infrared radiometric, altimetric, radar, and drifter
tracking) are used mostly by scientists in the P.P. Shirshov Institute of
Oceanology, Russian Academy of Sciences (SIO RAS) and MHI NASU, which
work in close collaboration. These enable tracing of the large scale circu-
lation, mesoscale water dynamics, vortex formation, dynamics of upwelling
fronts and zones, areas of higher biological productivity, oil pollution, etc.

Very important for study of the condition and variability of the Black Sea
ecosystems is implementation of international regional agreements and pro-
grams supported by targeted financing. Thus, in April 1991 a Cooperative
Marine Science Program for the Black Sea (ComsBlack) designed for 5 years
was approved. In 1992 the Convention on the Control of the Black Sea Pollu-
tion was signed. It was ratified by all countries of the region.

In 1993 the Global Environmental Facility (GEF) provided financial sup-
port to the Black Sea Environmental Program (BSEP). Its task is to concen-
trate the efforts of scientists and specialists from the Black Sea countries
around the main concept of the program, i.e., definition of the present con-
dition and variations in the Black Sea ecosystem, elaboration of actions on
preservation, and development of its biodiversity.
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The International Atomic Energy Agency (IAEA) makes a considerable
contribution into environmental programs of the Black Sea. The Black Sea
countries consider the monitoring of radioactive pollution of the sea to be
the priority issue. The IAEA Program is aimed at study of the presence of
radionuclides in the Black Sea and tracing variations of its radioactivity.

NATO is also involved in studies of the Black Sea. Within the framework
of the program “Science for Peace”, in 1993 this organization provided finan-
cial support to the project “Modeling of the ecosystem as a means of the Black
Sea management” designed for 5 years. The USA took part in this project as
well as the Black Sea countries. One of the significant results of this activity
was creation of an integrated database of hydrological, hydrochemical, and
hydrobiological observations conducted in the Black Sea.

On the request of UNESCO IOC the scientists from MHI NASU pre-
pared and published in the series “UNESCO reports in marine sciences” two
summing-up publications Artificial radioactivity of the Black Sea and Hydro-
chemistry and dynamics of the hydrogen sulfide zone in the Black Sea. INTAS
and INCO-Copernicus of the European Union also funded several interna-
tional projects on the Black Sea investigations.

The results of multi-year oceanographic observations on the Black Sea are
taken together in several databases including, with some minor differences,
about 100000 hydrographic stations. The main bases of oceanographic infor-
mation on the Black Sea are available at the All-Russia Research Institute of
Hydrometeorological Information in Obninsk, MHI NASU in Sevastopol, SOI,
and at the Department of Oceanology of the Moscow State University.

Many publications on oceanography of the Black Sea, numbering several
thousands of sources, are systematized in reviews, monographs and special
bibliographies, in particular in Black Sea bibliography (1974-1994).

In recent years, due to development of the offshore resources, investiga-
tions in the coastal zone have been conducted more actively. These included
local dynamic experiments in the shelf zone of the Southern Coast of the
Crimea (SCC) - LDExp involving synchronous mesoscale CTD surveys and
installation of automatic buoy stations (ABS) in different seasons of a year,
and organization of marine special measurements and hydrographic and hy-
drometeorological stations in the regions of intensive shipping (Experimental
Department of MHI NASU in Katsiveli, Kerch Port, and others).

For more than two decades the seasonal observations have been conducted
on the 20-mile profile from the Danube mouth along latitude 45°20'N on
nine stations; mesoscale surveys with ABS installation are carried out in the
Zmeinyi Island area, 10-mile “century” section and coastal mesoscale sur-
veys in the SCC region. Every year approximately 200 oceanographic casts are
made in this region.

For almost three decades a stationary oceanographic platform has been
functioning in the SCC shelf nearby Katsiveli. It conducts, in a semi-automatic
regime, a full complex of meteorological observations, measurements of the
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sea level, waves, vertical distribution of water temperature and salinity, and
velocities of currents at different depths.

From 1999 to the present SIO RAS has undertaken regular complex inves-
tigations of the Black Sea that have helped trace the process of degradation
and partial restoration of its ecosystem with regard to appearance of foreign
invaders (Mnemiopsis and Beroe). Regular in-situ observations enabled a de-
tailed study of the dynamics in the population structure of comb jellyfish,
which invaded into the Black Sea ecosystem in the eastern part of the basin.
It was shown that the new invader Beroe became “established” in the ecosys-
tem and in 2000 maintained its dominating position in a peak of its seasonal
development from late September to late November, which enabled speaking
about a long-time invasion. Less pressing of Mnemiopsis, which is eaten by
Beroe, would lead to increased populations of plankton-eating fish. For the
first time it was demonstrated how the mesoscale circulation in the Black Sea
influences the composition, distribution, and productivity of plankton com-
munities. The received data formed a basis for forecast and adequate analysis
of modern anthropogenic trends in the basin.

The results of the Black Sea drifter experiment conducted in 1999-2003
were interpreted and analyzed. The drifter trajectories confirmed the exis-
tence of intensive mesoscale vortices, both in the coastal and deep-water parts
of the Black Sea. The coefficient of horizontal vortex diffusion was estimated
and the time scale of the exchange between the central and coastal zones of
the sea was determined. It was found that intensification of the Rim Current
due to wind forcing is accompanied by weakening of the mesoscale vortex
dynamics and related horizontal (cross-shelf) water exchange, while the Rim
Current weakening in lower wind forcing leads to the opposite effect. Such
a conclusion was made on the basis of the results obtained by analysis of
the NCEP wind field characteristics over the Azov-Black Sea region, satellite
IR images, shipboard hydrographic observations, and the results of labora-
tory modeling of physical mechanisms of variability of macro- and mesoscale
water dynamics in the Black Sea. The results of this complex study were pub-
lished in 2002 in a book Multidisciplinary investigations of the northeastern
Black Sea edited by A.G. Zatsepin and M.V. Flint [15].

On the basis of research conducted by the Department of Oceanology
of the Moscow State University, the oceanographic and environmental con-
ditions of the Black Sea were summarized in the paper by A.N. Kosarev
et al. [16]. The fundamental book of Yu. Sorokin Black Sea [17] published in
the Netherlands in 2002 sums up many years of “traditional” investigations
of the Black Sea. It pools together the knowledge in oceanography, chemistry,
biology, and microbiology of the sea.

By 2000 the epoch of mostly occasional observations over some of the
manifestations of natural processes in the Black Sea was over. It was replaced
with systemic (remote satellite and contact autonomous) observations of the
spatial and temporal structure of marine processes, which should be inter-
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preted with regard to their compliance with fundamental laws [18]. Here wide
possibilities were opened for addressing the earlier inaccessible problems and
for development of a new outlook on traditional Black Sea oceanographic is-
sues, supported by more reliable, numerous, and adequate facts received from
observations.

The European Union continues to support international collaboration de-
voted to complex investigation of the Black Sea. This is done, for example,
within the framework of the following projects: “A Regional Capacity Build-
ing and Networking Programme to Upgrade Monitoring and Forecasting
Activity in the Black Sea Basin, ARENA” (2003-2006), “International Action
for Sustainability of the Mediterranean and Black Sea Environment, IASON”
(2005-2006), “ASCABOS” (2005-2008), “SESAME” (2006-2010), “ALTICORE”
(2006-2008), “MOPED” (2007-2009), etc.
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Abstract During the Pleistocene history of the Black Sea, a series of basins may be traced
noticeably different in their hydrological and faunistic characteristics. The formation and
evolution of these basins was defined by many factors; among them, the principal factors
were the availability of the connection with the Caspian and the Mediterranean seas, the
character of the water exchange with them, and the proportions between the principal
components of the water balance (freshwater supply and precipitation). The transgressive
basins almost did not differ in their area and sea level height; on the whole, the latter was
close to its present-day position. The maximum of the sea level rise was determined by
the depth of the Bosporus threshold and the level of the Mediterranean Sea; it is most
probable that this rise never exceeded a value of +6-8 m. The main differences between
the transgressive basins were related to the salinity changes, which defined the character
and composition of the fauna dwelling in them.

Keywords Black Sea - Sea of Azov - Stratigraphy - Paleogeography - Quaternary system

1
Introduction

The Black Sea and the Sea of Azov are elements of the system of inland basins,
which represent relics of the formerly vast ocean basin of the Paratethys
(Fig. 1). This enormous basin existed at the end of the Paleogene and the be-
ginning of the Neogene and was connected to the Atlantic and Indian oceans.
During its geological history, it has passed a complicated evolution from large
sea basins to individual isolated brackish-water and freshwater basins.

The entire history of the Azov-Black Sea basin is closely related to the geo-
logical structure of the region, which is located within the Alpian geosynclinal
belt. Here, starting from the Oligocene-Miocene, orogenic processes proceed
actively, accompanied by fractures of the earth’s crust, block displacements,
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Fig.1 Paratethys at the end of the Oligocene (after Rogel et al. [22])

and manifestations of volcanic activity. The final (Quaternary) stage of this
epoch, despite its small duration (about 1.6 million years), is extremely im-
portant for the entire history of the region. During this time, the basins have
acquired their present-day outlines, seaside landscapes have been formed
over the surrounding coasts, and the systems of historical civilizations have
emerged and developed.

Beginning with N.I. Andrusov, the issues of the stratigraphy and pale-
ogeography of the Azov-Black Sea basin have been considered by numer-
ous researchers such as A.D. Arkhangel’skii, N.M. Strakhov, P.V. Fedorov,
L.A. Nevesskaya, A.F. Shnyukov, F.A. Shcherbakov, D.A. Ross, and many
others.

This study is based upon abundant materials obtained by many scientists
in reference cross-sections on the coasts of the Black Sea and the Sea of Azov
as well as on numerous data referring to the shelves of these basins. The in-
formation about the Quaternary deposits of the Black Sea basins is poor and
was obtained owing to the deep-sea drilling within the frameworks of the
program of cruise 42 of D/V Glomar Challenger [1-3].

2
Stratigraphy of the Quaternary Deposits of the Azov-Black Sea Basin

In this paper we have used the stratigraphic scale of the IUGS [4], subdi-
viding the Quaternary system into the Lower (1.6-0.8 million years), Middle
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(0.8-0.12 million years), and Upper (0.12-0.01 million years) Pleistocene and
the Holocene (< 0.01 million years). The stratigraphic subdivision of the ma-
rine Pleistocene of the Azov-Black Sea basins is based on the distribution
of the mollusk fauna over the section of marine deposits. During the Pleis-
tocene, the ancient Pontian, which was an intermediate basin between the
Caspian and the Mediterranean seas, has undergone repeated invasions of
the fauna from adjacent basins. Together with the evolution of the endemic
Black Sea fauna, this became the reason for the diverse composition of the
fossil mollusk fauna. Usually, the stratigraphic consideration of the marine
Pleistocene involves an analysis of the ratios between the representatives
of the Mediterranean, brackish-water (Black Sea-Caspian), Azov (freshened
Caspian and Black Sea forms), and fresh-water fauna (Fig. 2). In so doing, the
account for the ratio between the Mediterranean and brackish-water species
in the mollusk assemblages is the most important. For the Mediterranean
fauna, the abundances of stenohaline (Cardium tuberculatum and others) and
euryhaline (Cerastoderma glaucum, Abra ovata, and others) species are de-
termined. The brackish-water (Black Sea-Caspian) fauna of the Black Sea
consists of two groups - those of the Pliocene relics and of didacnas of the
Black Sea and Caspian origins.

Within the Azov-Black Sea Quaternary sediments, with respect to the
combinations of the mollusk fauna, the following stratigraphic units are rec-
ognized: the Chaudian, the Bakunian, the Old Euxinian, the Uzunlarian, the
Karangatian, the Tarkhankutian, the New Euxinian, and the Black Sea forma-
tions.

The Chaudian Formation (Lower Pleistocene - beginning of the Middle
Pleistocene) consists of the Gurian, Lower, and Upper Chaudian sequences.

The Gurian Chaudian layers were reliably registered only on the coast of
Georgia; they are represented by shallow-water deposits of the initial stage
of the Chaudian transgression and contain abundant shells of Pliocene relics
(Tschaudia tschaudae) and Black Sea species (Didacna pseudocrassa and
others).

The Lower Chaudian Formation, similar to the Gurian one, is spread only
in restricted areas. These deposits are localized in the freshened part of the
Chaudian basin, such as the Kerch-Taman region and the south of Moldova.
In the stratotypical section described near Cape Chauda, they are repre-
sented by the sediments of a strongly freshened basin - sands with shells
of Monodacna subcolorala, Didacna baeri-crassa, Dreissena polymorpha, and
others [5].

The Upper Chaudian deposits are the most developed; different facies of
them are spread over almost the entire Black Sea coast. In the reference sec-
tion on Cape Chauda they are represented by shallow-water carbonate sedi-
ments with abundant fauna consisting of Pliocene relics (Tschaudia tschau-
dae), Black Sea endemic species (Didacna pseudocrassa, D. olla, and others),
and fresh-water elements (Dreissena polymorpha). In other sections of the
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Upper Chaudian Formation, rare shells of Mediterranean mollusks (Cerasto-
derma glaucum, Mytilus edulis, and others) were noted.

On the Caucasian coast, the Upper Chaudian deposits form an accumu-
lative cover of the lower (50-60 m) Chaudian terrace; they are usually rep-
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resented by coarse-grained coastal-marine sediments. In the region of the
Rioni Lowland, the Upper Chaudian deposits include a thick layer of clayey
sands containing Didacna pseudocrassa, D. baericrassa, Tschaudia tschaudae,
and Dreissena tschaudae [6]. A similar mollusk composition is also character-
istic of the shallow-water silty-clayey sediments of the Bulgarian shelf.

In the Black Sea basins, the Chaudian deposits are not subdivided; here,
they are represented by uniform clays and silts with sapropel interlayers in
the upper part, that contain assemblages of fresh-water and brackish-water
cryophilic diatoms [2].

The Bakunian Formation (middle Middle Pleistocene) is represented by
the deposits of the final stage of sedimentation in the Chaudian basin. They
are reliably registered only on the Taman Peninsula [5, 7], where they are rep-
resented by shallow-water deposits of a freshened basin.

The Old Euxinian Formation corresponds to the initial stage of the evo-
lution of a vast and long-existing marine brackish-water basin. Within the
Crimean-Taman coast, its deposits are represented by sands and silts of
a deepened sublittoral zone with numerous shells of the governing species
Didacna pontocaspia.

On the Caucasian coast, the Old Euxinian deposits form a thin accumu-
lative cover of one or two marine terraces. The deposits are coarse-grained
and sandy-pebbly; they refer to a dynamic near-shore sedimentation en-
vironment. On the Bulgarian shelf and in estuarine parts of river valleys,
the Old Euxinian deposits are characterized by a fine-grained lithological
composition and, in addition to the Black Sea and Caspian brackish-water
fauna, contain numerous shells of the fresh-water species Dreissena polymor-
pha.

Up the section, the Old Euxinian deposits are gradually replaced by the
sediments of the Uzunlarian Formation (end of the Middle Pleistocene). The
boundary between these formations is rather conventional; it is traced by the
reduction in the number of brackish-water mollusk species and the increase
in the abundance of the representatives of euryhaline Mediterranean fauna.
In the stratotypical section on the coast of Lake Uzunlarian, this formation
is represented by two layers. The lower layer is formed by clayey sands and
silts, which, along with brackish-water and fresh-water mollusks and benthic
foraminifers, contain numerous shells of euryhaline Mediterranean mollusks
(Cerastoderma glaucum, Abra ovata, and others). Above, one finds gray-green
clays with interlayers of coquina matter mostly formed by marine Mediter-
ranean species.

The two-layered structure of the Uzunlarian deposits is also registered
on the Caucasian coast. Here, they form a coarse-grained terrigenous (con-
glomerates and calcareous sands) accumulative cover of the fifth (55 m high)
terrace.

In the estuarine parts of the rivers of the Bulgarian coast and on the ad-
jacent shelf, the Uzunlarian deposits are represented by sands and silts with
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plant remains; they lie over the Old Euxinian sediments sand contain shells of
Cerastoderma glaucum, Monodacna caspia, and Dreissena polymorpha.

In the south of Moldova, the Uzunlarian deposits include the lagoonal sedi-
ments of the third terrace of the Prut and Danube rivers [8]. They do not
contain Mediterranean mollusk species, while Caspian (Didacna nalivkini)
and local (D. poratica and D. raricostata) forms with a large admixture of rep-
resentatives of Azov (Hypanis plicatus and Monodacna sp.) and fresh-water
(Dreissena polymorpha, Corbicula fluminalis, Viviparus diluva, and others)
fauna are abundant.

In the deep-water Black Sea basins, the sediments of the Middle Pleis-
tocene are represented by clayey diatomaceous oozes and silts with three di-
atom assemblages; the upper and lower assemblages are marine and brackish-
water, while the middle assemblage contains numerous freshwater cryophilic
species [7].

The Karangatian Formation (beginning of the Upper Pleistocene) is
the best stratified sequence of the Black Sea Pleistocene deposits; it re-
flects an important paleogeographic event - the epoch of the existence of
a Mediterranean-type basin with a characteristic mollusk assemblage con-
taining mass stenohaline Mediterranean species. The stratotypical sections
of the Karangatian Formation are located on the Kerch Peninsula (Cape
Karangat, EI'tingen, and Lake Chokrak); they are subdivided into a series of
layers that represent the sequence of the basin evolution. Most of the scien-
tists [9-11] note the three-layered structure of the Karangatian Formation:
the lower (Tobechik) layer is represented by freshened and marine silts and
clays with the mollusks Cerastoderma glaucum, Abra ovata, Mytilaster lin-
eatus, Paphia senescens, and Chione gallina. The middle (EI'tingenian or
Karangatian) layer is composed of shallow-water sands and pebbles with co-
quina of rich Mediterranean fauna (Acantocardia (Cardium) tuberculatum,
Paphia senescens, and others). The upper (Late Karangatian) layer consists of
shallow-water sandy deposits with impoverished Karangatian fauna (Ostrea
edulis, Mytilaster lineatus, and others).

On the Caucasian coast, the Karangatian deposits compose accumula-
tive covers of two terraces. On the Bulgarian coast, one can also trace
two Karangatian terraces, whose deposits are characterized by the Ostrea-
Cardium-Mpytilus and Corbula gibba faunistic assemblages. On the Bulgarian
shelf, the sediments feature fine-grained clayey-silty composition and contain
rich Mediterranean fauna.

In the south of Moldova, the Karangatian epoch corresponds [8] to the la-
goonal sediments of the second terrace of the Prut and Danube rivers; they
contain one or two layers with shells of Caspian didacnas separated by a layer
of lacustrine deposits.

To date, many absolute age determinations of the Karangatian deposits
with the use of radiocarbon, uranium-ionium, and thermoluminiscent
methods have been performed. The uranium-ionium data seem to be the
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most reliable. They show a rather wide time range of 33-139 thousand years
B.P., though most of the datings fall within the intervals 110-80 and 70-60
thousand years B.P. This allows one to suggest that, during the Karangatian
transgression, two peaks of sedimentation occurred.

The Karangatian deposits, similar to the underlying Uzunlarian sediments,
contain Mediterranean mollusks, though their fauna is richer and includes
a greater number of stenohaline species.

With respect to their composition, the deep-water Karangatian deposits
are represented by clayey diatomaceous oozes with a rich assemblage of ther-
mophilic marine diatoms dominated by the characteristic tropical species
Thalassiosira oestrupii [1].

The Tarkhankutian Formation. The Tarkhankutian deposits were sepa-
rated [5] in the bottom sediments cores from Karkinit Bay; they were re-
garded as the post-Karangatian marine sediments with Cerastoderma glau-
cum, Abra ovata, Dreissena polymorpha, and rare Mytilaster lineatus. They
represent the epoch of low sea level standing and were confidently estab-
lished only in the near-shore region of the present-day Black Sea area at
sea depths of 20 m and greater. The most complete sections were described
using drilling materials from the Kerch Strait. The sediments are represented
by the facies of coastal pebbles and sands, by more fine-grained deposits of
the deepened sublittoral zone, and by lagoonal loams and clays. They con-
tain euryhaline Mediterranean (50%) and Caspian (40%) mollusks with rare
fresh-water species.

The New FEuxinian Formation (the end of Upper Pleistocene), com-
posed by the deposits of a strongly freshened basin, represents a very
important though short-term stage of the Pleistocene history of the Black
Sea. These sediments were first recognized by N.I. Andrusov [12], while
A.D. Arkhangel’skii and N.M. Strakhov [13] suggested that they be referred
to as New Euxinian deposits. These sediments are developed on the Black
Sea floor at sea depths from 20 m and lower; they are represented by diverse
sandy-clayey deposits with the Azov (Monodacna caspia, Adacna vitrea, Hy-
panis plicatus, and others) and fresh-water (Dreissena polymorpha, Viviparus,
and others) types of fauna. They partly cover the basin of the Sea of Azov and
the Kerch Strait, where they feature a fine-grained composition with diverse
Azov-Caspian and fresh-water fauna.

The Black Sea Formation corresponds to the sediments of the last-
Holocene-transgression of the Black Sea; it is distinguished by the appearance
of Mediterranean mollusk species. The deposits feature a universal develop-
ment in the bottom sediments of the sea area and compose lower terrace
levels on its coasts. They are very diverse in the facial respect, being repre-
sented by beach sands and pebbles, coquinas of the shallow-water shelf areas,
lagoonal oozes, and even deep-water clays contaminated by hydrogen sulfide.
A series of layers may be recognized with regard to the changes in the com-
position of Mediterranean mollusks [9]. A mass dating of the Holocene sedi-
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ments of the Black Sea showed that the chronological range of the Black Sea
Formation falls into the interval from 10000 years B.P. and before [14-16].

3
Paleogeography of the Azov-Black Sea Basin

In the recent history of the Black Sea, a series of transgressive stages with par-
ticular types of hydrological conditions, faunistic assemblages, and coastal
settings are recognized, such as the Chaudian, the Old Euxinian, the Uzunlar-
ian, the Karangatian, the Tarkhankutian, the New Euxinian, and the Black Sea
stages (see Fig. 2).

The Chaudian transgressive stage is related to the most long-lasting trans-
gression in the Black Sea during its Quaternary history; it began in the Early
Pleistocene and terminated at the beginning of the Middle Pleistocene. At that
time, the sea represented a vast brackish-water basin of a mesohaline type
with long-term sea level oscillations; it was inhabited by a mollusk commu-
nity dominated by brackish-water species, among which relic Pliocene forms
and endemic Black Sea didacnas prevailed.

Judging from the character of the changes in the mollusk fauna, one can
distinguish the following substages in the evolution history of the basin: the
Gurian, the Lower and Upper Chaudian, and the Bakunian substages.

The Gurian substage refers to the epoch of the Early Pleistocene, when
a small brackish-water basin existed; it seems to have been absolutely isolated
from adjacent basins and represents a relic lake-sea inhabited by a particular
mollusk fauna dominated by Pliocene relics (Tschaudia tchaudae) and a num-
ber of representatives of typical Pleistocene fauna (Didacna pseudocrassa).

On the Caucasian coast, where the Gurian sediments were established, the
climate at that time was warm and wet. The mean monthly temperatures in
January and June were 5°C and 25 °C, respectively; beech and coniferous
forests were characteristic [17].

The Early Chaudian substage is the epoch in the middle of the Early Pleis-
tocene, when a freshened brackish-water basin existed; it featured an impov-
erished fauna dominated by endemic brackish-water (Didacna baeri-crassa)
and fresh-water (Dreissena polymorha) species. Judging from the mollusk as-
semblages, the salinity in this basin never exceeded 8-10%eo.

With respect to its area and the sea level height, the Early Chaudian sea did
not exceed the present-day Black Sea basin. It was definitely not connected
with the Mediterranean Sea and, probably, not with the Caspian Sea; the lat-
ter suggestion may be inferred from the absence of Caspian mollusks in the
Lower Chaudian deposits. Presumably, the climate of this epoch, which co-
incided with the first Pleistocene cooling over the Russian Plain, was cold;
open steppe landscapes existed in coastal lowlands and cold steppes were de-
veloped in the northern regions.
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The Late Chaudian substage (the first half of the Middle Pleistocene)
refers to the maximum of the Early Pleistocene transgression with the larg-
est territories flooded and the highest sea level standing, which probably
reached and even exceeded (by 2-5m) the present-day position of the Black
Sea level. Among the bottom sediments, facies of organogenic sediments of
warm shallow-water areas prevail; they are dominated by the relics of the
Gurian brackish-water fauna and Black Sea endemic species. The occurrence
of Chaudian mollusks on the coasts of the Dardanelles (Galliopoli sections)
and the presence of Caspian immigrants (Didacna rudis and others) in fau-
nistic assemblages point to an inflow of Black Sea waters to the Mediterranean
Sea and of Caspian waters to the Chaudian basin. Judging from the mollusk
assemblages, at the beginning of the transgression, the salinity of the Late
Chaudian sea was probably either equal to the present-day Caspian Sea salin-
ity (about 13%o) or was somewhat higher than it (about 15%o). At the peak of
the transgression, the sea deeply penetrated into river valleys. The coasts were
dominated by forest-steppe landscapes with prevalent broad-leaved species.

The Bakunian substage marks the final epoch of the Chaudian transgres-
sion; it coincided with the major glaciation of the Russian Plain and the
Bakunian transgression of the Caspian Sea, whose waters were delivered to
the Black Sea via the Manych depression. Together with the probable decrease
in the evaporation caused by the cooling, this stimulated a significant desali-
nation of the residual Chaudian basin (down to 10-13%o), the disappearance
of Gurian fauna in it, and the abundance of Caspian and fresh-water fauna.
The sea level position seems to have been either close to the present-day one
or slightly lower than it.

Thus, the Chaudian transgressive stage represents a durable (about one
million years) epoch of the existence of a vast brackish-water basin inhabited
by a specific mollusk assemblage dominated by Late Pliocene relics and Black
Sea endemic species. This basin passed different stages of evolution with two
epochs of a relative desalination (Early Chaudian and Bakunian), when the
salinity in the basin was close to that of the present-day Caspian Sea. During
the transgression maximum, the salinity of the basin probably corresponded
to the present-day Black Sea value, while the sea level was significantly higher.
Except for the initial stage, the Chaudian basin was dumping its waters to
the Mediterranean Sea and was being filled by the waters of the Bakunian
transgression of the Caspian Sea.

The Old Euxinian transgressive stage represents the initial phase of a very
long-existing sea basin that appeared at the middle of the Middle Pleis-
tocene (about 0.4 million years). It was separated from the Chaudian basin
by a profound regression, during which the sea level fell by 40-60 m and the
Chaudian brackish-water fauna was replaced by the assemblages of Old Eu-
xinian mollusks. The level of the Old Euxinian basin was seemingly lower
than its present-day position and its area was smaller than the present-day
sea area.
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Via the Manych depression, the Old Euxinian basin was connected with the
Caspian Sea, where the Khazar transgression developed at that time. A mass
migration of brackish-water fauna from the Caspian to the Black Sea oc-
curred. At the end of this epoch, the connection with the Mediterranean Sea
via the Bosporus Strait was re-established and euryhaline species most resis-
tant to salinity variations (Cerastoderma glaucum and others) penetrated to
the Black Sea. At that time, the salt content in the seawater increased from
10-13%o to 15-17%o and the adjacent regions of the Russian Plain featured
a warm moderately humid climate; later, it was followed by a strong cooling
(Dnieper glaciation).

The Uzunlarian transgressive stage represents the further evolution of
the Old Euxinian basin and its transition from the brackish-water basin of
Caspian type to a freshened marine basin with a salinity close to the present-
day Black Sea value (about 18%eo).

The Uzunlarian transgression, which proceeded in the second half of the
Middle Pleistocene (0.25-0.1 million years B.P.), provided a one-way and per-
manently strengthening connection with the Mediterranean Sea. In terms of
its area and sea level height, the basin seem to have been not greater than the
present-day Black Sea. The near-mouth parts of rivers were flooded and deep
estuaries existed. The climate of the Uzunlarian age was moderately warm
with a tendency to increasing dryness and contrasts.

The Karangatian transgressive stage resulted in a basin largest during the
Quaternary history of the Black Sea. At the maximum of the transgression,
the level of the basin seems to have been located 6-8 m higher than at present.

Great amounts of warm saline Mediterranean waters were supplied to
the Black Sea basin and a one-way migration of euryhaline and stenoha-
line Mediterranean fauna occurred. A long (more than 200 km) bay ex-
tended over the Manych depression toward the Caspian Sea; episodically, it
transformed into a strait providing a fauna exchange with the Late Khaz-
arian sea. However, no noticeable amounts of Caspian mollusks penetrated
into the Karangatian sea. At the beginning of the transgression, impover-
ished Mediterranean fauna (Cerastoderma glaucum, Abra ovata, and Paphia
senescens) appeared in it; at the maximum of the transgression, its species
diversity increased (Mediterranean species Cardium tuberculatum, Ensis en-
sis, and others). The abundance of Mediterranean fauna in the waters of the
Karangatian transgression seems to be related to its relatively high salinity
rather than to the high water temperature. This suggestion is supported by
the fact that, among the Mediterranean fauna that dwelled in the Karanga-
tian epoch, along with relatively thermophilic (Mediterranean-Lusitanian
and Mediterranean-Canarian) species, one also encounters numerous rep-
resentatives of cryophilic fauna (Cerastoderma glaucum, Ostrea edulis, Cor-
bula gibba, and others). At the maximum of the transgression, the salinity
of the open part of the Karangatian sea is estimated at 30%o [9]. In the
near-shore parts of the basin, at the beginning and at the end of the trans-
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gression, the salinity was somewhat lower and closer to the present Black Sea
salinity.

The Karangatian transgression coincided with the major (Riss—Wurmian)
interglacial period on the Russian Plain (~ 0.12-0.07 million years B.P.).
Judging from the uranium-ionium datings, its duration may be estimated at
70-50 thousand years. The climate of this epoch was warm and moderately
dry; coastal lowlands were occupied by steppe and forest-steppe landscapes.
During the second half of the Karangatian epoch, the climatic conditions
became worse and the coastal lagoons transformed into lakes inhabited by
fresh-water mollusks (Planorbis, Limnea, and others).

The Tarkhankutian transgressive stage. The Tarkhankutian epoch repre-
sents the final stage of the existence of a Mediterranean-type basin in the sec-
ond half of the Late Pleistocene. Conventionally, this phase may be regarded
as the final stage of the Karangatian basin evolution. On the northern shelf of
the Black Sea, the submerged accumulative coastal features with radiocarbon
ages of 40-25 thousand years B.P. that refer to the Tarkhankutian transgres-
sion are located at depth marks of about - 20 to - 30 m. The Tarkhankutian
basin was small; it was located inside the outlines of the present-day Black
Sea. It was inhabited by impoverished Mediterranean fauna and featured
a salinity of 3-5 to 8%o [9].

One can infer that, during the period from the middle of the Middle Pleis-
tocene to the second half of the Late Pleistocene, the area of the Black Sea
was occupied by a brackish-water sea basin inhabited by euryhaline and
stenohaline Mediterranean fauna. At the maximum of its development, its
salinity was almost twice as great as the salinity of the present-day sea and
its level seems to have reached absolute marks of + 6-8 m; sea bays and es-
tuaries deeply penetrated into the land over coastal depressions. With respect
to selected characteristics, this basin strongly differed from the preceding
(Chaudian) and the subsequent (New Euxinian) basins. First of all, this refers
to the large-scale one-way connection with the Mediterranean Sea, which de-
fined the relatively high salinity of the basin and the character of its dwellers.

The long-term evolution history (about 0.5 million years) of this basin,
which is commonly referred to as the Pantikapean basin [7], consists of a se-
ries of stages that reflect the sequence of its evolution from the brackish-water
basin of a Caspian type to a freshened marine basin (Black Sea type), normal
marine basin (Mediterranean type), and, finally, to a strongly freshened basin
(Azov type).

The New Euxinian stage. The fall of the level of the Pantikapean basin
that started in the middle of the Late Pleistocene finally resulted in a deep
regression with level drops to marks of - 80, - 100 m, and lower [15], in
a break of its connection with the Sea of Marmara, and in its transform-
ation into a fresh-water basin with a volume of about 500000 km?® and an
area of approximately 320000 km? [16]. It was inhabited by fresh-water mol-
lusks and featured a salinity that never exceeded 1.5-3.0%o. At those times,
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the Black Sea shelf, the Kerch Strait, and the Sea of Azov were drained. The
floor of the Sea of Azov represented a flat lowland crossed by the chan-
nel of the pra-Don River. Its mouth was located 50 km south of the Kerch
Strait, while the mouths of the Danube and Dnieper rivers were located
200 km away from their present-day position. In the valleys of the Caucasian
coast, river mouths were deepened and coarse-grained alluvial facies were
formed.

About 15000 years B.P., the waters of the Khvalynian transgression of the
Caspian Sea overcame the Manych threshold (with an absolute mark of about
45 m) and started to enter the Black Sea basin. At the beginning of the trans-
gression, the Kerch Strait and the Sea of Azov were dried; here, drilling
revealed [10, 12, 18] a system of major channels, via which the Caspian waters
were dumped into the Black Sea.

The New Euxinian transgression developed in a stadial mode. During the
period from 15.0 to 12500 years B.P. (Enikal stage), the level in the basin rose
by 20 m, later on it underwent a short-term fall down to a mark of - 45m
and then (11000 years B.P.) sharply rose up to its maximum at about - 20 m
(the New Euxinian stage proper). Judging from the mollusk composition, it
was a strongly freshened brackish-water basin with no Caspian didacnas. At
the maximum of the New Euxinian transgression, its waters flooded the floor
of the Kerch Strait and a part of the basin of the Sea of Azov. The floor of
the Sea of Azov was never fully filled with transgressive waters. Starting from
13000 years B.P., the dumping of the Black Sea waters to the Sea of Marmara
via the Bosporus was steadily resumed; at this time, the Bosporus threshold,
which at present lies at marks of approximately - 40 m, was flooded. The wa-
ter discharge via the strait at the maximum of the New Euxinian transgression
is estimated at 60 km? /year [16].

The end of the Caspian water supply to the Azov-Black Sea basin
and the termination of the New Euxinian transgression occurred after
11000 years B.P., when the level of the regressing Khvalynian sea fell below
the position of the Manych threshold. During the Holocene, there was no con-
nection between the Caspian Sea and the Azov-Black Sea basin and the basins
have been evolving independently.

The New Euxinian epoch corresponded to the cold climate of the post-
glacial age; landscapes close to those of cold steppes were developed over the
drained areas of the Sea of Azov shelf and on the low Black Sea coasts. At
the end of this epoch, an aridization of the climate occurred and semidesert
landscapes became widespread.

The Black Sea (Flandrian) transgressive stage. The Holocene transgres-
sion of the Black Sea represents the terminal stage of its Quaternary history
and its transformation into a modern freshened marine basin inhabited by
euryhaline Mediterranean fauna; its salinity is about 18%o in the open part
of the sea, 7-12%o in semi-enclosed bays and lagoons, and up to 20-22%o in
abyssal layers.



Quaternary Paleogeography of the Azov-Black Sea Basin 43

The transgression was caused by the breach of Mediterranean waters,
which filled the basin, via the Bosporus. According to some estimates, it
occurred 7-8 thousand years B.P. [10, 16], while other estimates yield dates
of 12-15 thousand years B.P. [2,19]. The composition of the Mediterranean
fauna that penetrated into the basin and the sequence of its appearance show
that, during the Holocene transgression, the salinity in the sea has been grad-
ually and continuously increasing. The transgression proceeded at different
rates; it was most intensive at the initial stage, when the level of the Black
Sea rose by 20 m over 3500 years; this growth was especially accelerated in
the period 5-3.5 thousand years B.P. [7]. The supply of large masses of heavy
saline sulfate-rich Mediterranean waters resulted in the suppression of the
vertical water exchange in the Black Sea basin and in the formation of a vast
layer of hydrogen sulfide contamination. It is assumed [19] that the origin
of the present-day hydrogen sulfide contamination of the Black Sea abyssal
waters is related to the activity of halophilic anoxic bacteria, mostly those of
the Desulfovibrio genus. The reduction of the sulfate contained in seawater by
these bacteria leads to the formation of reduced forms of sulfur.

The Holocene transgression coincides with the postglacial epoch of the cli-
mate improvement. At its beginning, the low northern coasts of the Black Sea
were dominated by semidesert and steppe landscapes; later on, the role of
forests increased [20].

In the Middle Holocene, steppe landscapes also dominated the coasts of
the Black Sea and the Sea of Azov, though with a significant proportion of
mixed forests: there, formation of black soils began.

In the Late Holocene, the arid and continental properties of the climate
enhanced; steppe landscapes dominated again, broad-leaved species disap-
peared from the forests of river valleys, and xerophytic frutescent plants
spread widely [20].

On the Caucasian coast, intensive recent tectonic movements went on.
The deformation of the Holocene terrace in the Sochi region over the past
10000 years is estimated at 10— 13 m at a rising rate of up to 1.3 mm/year [21].
The Holocene stage of the Azov-Black Sea evolution history, despite its short
duration, represents an important epoch of formation of the main features of
the natural environment of these basins.

4
Conclusions

During the Pleistocene history of the Black Sea, a series of basins may be
traced that are noticeably different in their hydrological and faunistic char-
acteristics. The formation and evolution of these basins was defined by many
factors, the principal factors being the availability of the connection with the
Caspian and the Mediterranean seas, the character of the water exchange with
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them (Fig. 3), and the proportions between the principal components of the
water balance (freshwater supply and evaporation).

A flow-through regime characterized by the water inflow from the Caspian
Sea via the Manych depression and water outflow via the Bosporus was typ-
ical of the Late Chaudian epoch (beginning of the Middle Pleistocene) and
the Karangatian stage (beginning of the Late Pleistocene). Water inflow to the
Black Sea via the Bosporus proceeded at the end of the Chaudian stage, at
the end of the Middle Pleistocene (the Uzunlarian stage), and in the Holocene
(the Black Sea epoch). Drainless basins existed in the New Euxinian epoch
and during the maximums of regressions.

The transgressive basins almost did not differ in their area and sea level
height (Fig. 4); on the whole, the latter was close to its present-day pos-
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ition. The maximum of the sea level rise was determined by the depth of the
Bosporus threshold and the level of the Mediterranean Sea; it is most prob-
able that this rise never exceeded a value of + 6-8 m. The main differences
between the transgressive basins were related to the salinity changes, which
defined the character and composition of the fauna dwelling in them.

The changes in water salinity in the Pleistocene Azov-Black Sea basins
were rather significant and have been well established from the mollusk as-
semblages. Salinity ranged from 2-4%o in the New Euxinian time to 30%o in
the Karangatian epoch. The sea passed through the stages of a normal marine
basin (Karangatian), freshened marine basin (Uzunlarian, Tarkhankutian,
Flandrian), brackish-water Caspian-type basin (Chaudian, Old Euxinian),
and fresh-water basin (New Euxinian); inhabited by stenohaline and euryha-
line fauna, by brackish-water (Caspian and Pontian), Azov, and fresh-water
species, respectively.

The transgressive basins were separated by regressive epochs. These were
short-term but characterized by significant sea-level oscillations — from a few
tens to a few hundreds of meters. The regressions proper seem to have mainly
been related to the breaks in the connections with adjacent basins and to the
transformation of the regressing basins into drainless fresh-water basins or
strongly freshened lakes - lagoons.
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Abstract This chapter is devoted to a description of the present-day bottom topography
and types of coasts of the Black Sea, as well as to the general character of the bottom sedi-
ments. Two maps of topography and sediments illustrate the morphology of the Black Sea
basin and the particular features of the evolution of its coasts.

Keywords Coasts - Shelf - Continental slope - Continental footstep - Underwater
canyons - Deep-sea floor - Bottom sediments

1
Introduction

The Black Sea represents an inland basin. Its coasts, located within different
continents, were the birthplace of ancient civilizations. At present, they are
developed industrially and socioeconomically. They host promising fields of
oil and gas and other mineral resources. Here, the problems of distribution of
the population, development of transport communications, and geopolitical
relations are urgent and require quick solution.

The Black Sea basin, which now is connected with the Sea of Azov and
the Mediterranean Sea and was in the geological past also connected to the
Caspian Sea, underwent a complicated history of geological evolution. The
latest stage of the post-glacial epoch was especially important for the pro-
cesses of formation of the topography and of the sedimentation. During the
past 20 000 years, the Black Sea basin has evolved from a desalinated lake with
a level located about 100 m below the present-day marks to to a sea basin
within its modern boundaries.
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In this chapter, we present a description of the present-day topography of
the floor and the coasts of the Black Sea and of the distribution of the bottom
sediments over its floor surface.

2
Coastal Topography

The coasts of the Black Sea are distinguished by their favorable natural con-
ditions and landscape diversity. Their geographical position and warm cli-
mate favored their active mastering and population from antique times up
to present. One can still find traces of the penetration of ancient civilizations
into the coastal areas in the form of ruins of old Greek temples and Genoese
fortresses. By the third millennium A.D., the Black Sea coasts have suffered
a strong anthropogenic stress. This refers to the near-shore areas off the most
densely populated regions near the major ports of Burgas, Varna, Constanta,
Odessa, Nikolaev, Sevastopol, Novorossiisk, Sochi, Sukhumi, Batumi, Samsun,
Sinop, Trabzon, and the navigable Bosporus and Kerch straits.

On the coasts of the Black Sea there are located large international
recreation zones such as Albena, Slnchev Bryag, Zlatny Pyastsy, Magnalia,
Costinesti, Odessa, Yalta, Gelendzhik, Anapa, Sochi, Gagra, Pitsunda, and
others.

The Black Sea washes the coasts of Europe and Asia Minor. The length of
the coastline reaches 4125 km; of these, the lengths of the Bulgarian, Ruma-
nian, Ukrainian, Russian, Georgian, and Turkish coasts equal 380, 240, 1330,
410, 315, and 1450 km, respectively [1].

With respect to the features of the topography, the northern coast of the
sea significantly differs from the eastern and southern coasts. Its particu-
lar features include the generally plain character (except for the Crimean
Mountains) and the presence of estuaries of the major rivers of the Black Sea
basin.

The eastern and southern coasts are mountainous. The coastal ridges of
the folded structures of the Caucasus and Anatolia extend parallel to the
coastline, forming a longitudinal type of mountainous topography. At places,
the slopes of the mountains descend directly into the sea in the form of steep
escarpments. In the southeastern part of the Black Sea, within the Kolkhida
lowland, mostly accumulative coasts are developed.

The general outline of the coast is slightly irregular (Fig. 1). The largest
bays are located in the western part of the sea: off the coasts of Bulgaria (Bur-
gas and Varna bays), in the northwest (Odessa and Karkinit bays), and in the
Crimea (Kalamit and Feodosia bays). In the eastern part of the sea, one finds
Novorossiisk and Gelendzhik bays; in the south, Sinop Bay and Samsun Bight
should be noted. The Crimean Peninsula is the largest one; others are the
Tamarn’, Indzheburun, and Yasun peninsulas.
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Fig.1 Topography of the coasts and floor of the Black Sea. Bottom relief: 1 shelf a
accumulative, b abrasive; 2 continental slope a accumulative, b stepwise; 3 floor of
the basin; 4 continental footstep; 5 underwater canyons; 6 bars a sandy, b marginal;
7 morphological boundaries a distinct, b fuzzy. Coast types: 1 landslide; 2 abrasive;
3 abrasive-accumulative; 4 accumulative; 5 lagoonal; 6 deltaic

The character of the coastal zone defines the morphology and type of the
coasts. In mountainous areas, abrasive coasts dominate. In many cases, they
are complicated owing to the development of intensive landslide and caving
processes and thus may be referred to as the abrasive-denudational type. In
plain and low areas, the coasts are mostly accumulative. Lagoonal and deltaic
coasts are confined to the areas near river mouths.

The northwestern part of the Black Sea is rimmed by the low plains of the
steppe zones of Bulgaria, Rumania, and the Ukraine. Here, the major rivers
of the regions fall into the Black Sea such as the Danube, Dnieper, Dniester,
and Yuzhnyi Bug rivers. Their estuaries and lagoons are superimposed upon
the coastline. One can encounter lagoons separated from the sea by sandy
spits and lagoons that deeply penetrate into land, such as the Dniester and
Dnieper-Bug lagoons [2].

The coasts of Odessa Bay are presently eroded and their condition is de-
fined by landslide and caving processes widely developed on the steep coastal
slopes. Here, the heights of the cliffs sometimes exceed 30 m. Intensive engin-
eering coastal protection is performed.

The marginal zone of the delta of the Danube River is rimmed by lagoonal
sandy bars and low marine terraces (about 2 m high). This coastal region is of
great economic significance. One of the projects is related to the construction
of a Danube-Dnieper irrigation canal and operation of marine navigation
canals.

Coastal bars (sandy and sandy-coquina) are low and feature widths of
40-100 m. Numerous traces of minor erosional channels suggest that stormy
waves override the bars and seawater penetrates into lagoons. At present, ac-
cumulative coasts are gradually receding.
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Abrasive coasts are mostly composed of clayey deposits, poorly-cemented
rocks, or limestones. The cliff heights range from 15 to 35 m. The abrasion
rate is controlled by the composition of the coastal rocks and the cliff heights.
The recession of the cliffs is also caused by the development of landslide and
caving processes, especially under the conditions of strong storms. The length
of individual sliding blocks reaches 500 m at a width of up to 15 m. Deep surf
niches are formed in the lower parts of the cliffs.

The coasts of Odessa Bay represent an abrasive-accumulative arc with
beaches in its top part and abrasive areas of capes North Odessa and
Langeron at its edges.

Of special interest are the elongated accumulative features of the bar of
Tendrovskaya Spit (65 km) and Dzharylgach Island (40 km), which are ex-
tended over a single line.

The picturesque coasts of the Crimea are among the most beautiful areas
of the Black Sea. Along the southern coast of the Crimea, spurs of the
Crimean Mountains extend crowned by Roman Kosh (1545 m), Chatyr Dag
(1527 m), and Ai Petri (1234 m) mountains. Coastal slopes are complicated by
ancient landslide formations terminating in bights and beautiful wide bays
such as Laspi, Yalta, Feodosiya, and other bays. They are separated by capes
composed of crystalline rocks (Ayu Dag, Kara Dag, and others).

Cape Kara Dag is especially picturesque when seen from the sea. This vol-
canic remnant creates exclusive shore topography and a particular coastal
landscape. Between capes Kara Dag and Kiik Atlama is located one of the
most beautiful bights of the Crimea, Koktebel’ Bight.

The steep slopes of the Southern Crimea advance into the sea in the form
of capes, between which open bays with sandy and pebbly beaches are lo-
cated. In the amphitheaters formed by the coastal slopes of the bays, one finds
resort towns such as Yalta, Gurzuf, Alupka, Alushta, Simeiz, Sudak, and Feo-
dosiya. Here, parks, recreation complexes, and palaces remarkable in their
beauty and landscape features are situated. Cypresses, palms, magnolias, and
other subtropical plants decorate the Nikita Botanical Gardens, the Alupka
(Vorontsov), Livadia, Miskhor, Gurzuf, and other parks [3].

The coastal topography is controlled by the geological structure of the
Crimea. Capricious features such as abrasive remnants and cliffs are formed
depending on the rock strength.

The high coastal escarpments composed of Jurassic limestones recover
complicated geological folds broken by tectonic faults and overthrusts. At the
sites where intrusive rocks are developed, remarkable capes are formed. The
largest of them are capes Ayu Dag, Medved’ Gora, Ai Todor, Nikita, Foros,
Laspi, Sarych, and Aia.

The western coast of the Crimea from Cape Aia to Tarkhankut Peninsula
is characterized by a great variety of coast types, from vertical escarpments
to the low lagoonal coasts of Kalamit Bay. The coasts of the Geraklei Penin-
sula with Cape Khersones are dissected by narrow deeply penetrating Riassic
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bights such as Balaklava, Sevastopol, Karantin, and others. Wide sandy bars
separate Saka, Sasyk, and Donuzlav lagoons from the sea. Here, sea ports and
resorts such as Sevastopol and Evpatoriya are located.

The coasts of Saka Lagoon host institutions for mud-cures. Beaches and
bars are subjected to erosion because of the non-regulated economic activ-
ity on the coasts and related deficiency of the alongshore sediment transport.
At places, the rate of the coastline recession reaches 5 m/year. The coastal
erosion may result in a complete destruction of the Evpatoriyan beaches.

The Tarkhankut Peninsula features abrasive coasts composed of coquina-
limestone rocks with high (20-40 m) cliffs, surf niches, and deepened bench.
Numerous grottos, abrasive niches, and underwater rocks are attractive for
submarine excursions and diving [2].

In the east of the Crimea, the Kerch Strait separates it from the low Taman’
Peninsula. In the north, on the Sea of Azov side, the width of the strait be-
tween Capes Khroni and Akhilleon reaches 15km at maximum depths of
9.5-10 m. In the south, on the Black Sea side, between Capes Takyl and
Panagiya, the width of the strait is maximum, reaching 21.8 km at a depth of
19 m. The narrowest place of the Kerch Strait is located off the cape on the
northern termination of the Tuzla spit, where the strait is only 3.5 km wide.
The length of the ferry line between the ports of the Crimea and Caucasus is
4.6 km.

Surges represent a serious hazard for the low coasts of the Kerch Strait.
For example, during the hurricane of 28-29 October 1969, a surge wave fully
flooded a coastal band a few kilometers wide. The surge height exceeded 3 m.
The flood was accompanied by the destruction of near-shore constructions
and communications and human losses.

The Tuzla Spit is an accumulative coastal topographic feature located on
the eastern side of the Kerch Strait. Before 1925, it represented a uniform
body attached to the Taman’ Peninsula and dammed the strait on the Black
Sea side. At present, it consists of two parts - the island portion and that
strengthened by an artificial dam. The island part of the Tuzla Spit is a nar-
row accumulative feature up to 500 m wide formed by two series of coastal
bars.

The Caucasian coasts between Anapa and Gagra are mountainous. The
Greater Caucasian Ridge extends subparallel to the coastline. In the near-
shore area, its spurs feature terraces and, at places, steeply descend into the
sea in the form of escarpments. Southward of Gagra, the Kolkhida lowland
separates the Caucasian Ridge from the sea.

Rivers form deltas representing large accumulative salients in the regions
of Pitsunda, Adler, and Sukhumi. The Caucasian coasts are of great impor-
tance for their economic and recreation use. With respect to their beauty and
diversity, they are equal to the Crimean coasts. Here, woody terraced slopes
with flourishing subtropical plants are developed along with steep rocky es-
carpments. The warm sea attracts numerous tourists and vacationists. Along
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the entire Caucasian coast, recreation institutions, hotels, and summer camps
are located. The major towns and ports of this portion of the coast are Anapa,
Novorossiisk, Gelendzhik, Tuapse, Sochi, Sukhumi, and Batumi. At present,
the coasts of the Caucasus are subjected to erosion and this fact requires
urgent operations for their protection and preservation. Many parts of the
coastal zone are strengthened with various hydraulic constructions, wave
breakers, and artificial beaches.

The Turkish coasts of the Black Sea are mountainous and steep; over al-
most their entire extension, they are referred to as the abrasive type. The East
and West Pontian mountains, which approach the Black Sea from the south,
feature maximum marks of 3937 m (Kachkar Dag), 3439 m (Karchkhal Dag),
and 3711 m (Verchennik Tepe). On relatively smooth rectilinear coasts, one
can observe an alternation of rocky capes and wide bays that do not penetrate
deeply into land.

Accumulative coasts are confined to the near-mouth river areas. They
mostly represent narrow local beaches. Only in the middle part of the Turk-
ish coast do the major rivers Eshil Irmak and Kyzyl Irmak form accumulative
deltaic plains. The erection of ports and protecting hydraulic constructions
prevents the accumulative features from erosion.

In the west, the coasts of Bulgaria are mountainous in their southern part,
while in the north, closer to the Rumanian boundary, they give place to the
lowlands of the Danube Plain. Nevertheless, the abrasive type dominates over
the coasts of this region. The height of the cliff increases up to 60 m near
Cape Kaliakra and to 220 m north of the Batov River. The abrasive coastal
slopes feature numerous landslides; the abrasion rate of these coasts is up to
0.5 m/year [4].

Summarizing the review of the Black Sea coasts, we should note that, dur-
ing the recent decades, the process of their erosion has been significantly
intensified. This was strongly favored by the anthropogenic impact on the
coastal zone and, probably, by the global sea level rise against the background
of the global climate warming. This means that it is necessary to significantly
change the strategy of human behavior in the coastal zone and to modify the
operation of natural protection in order to provide sustainable development
of the environment.

3
Bottom Topography

The studies of the topography and geological structure of the floor of the
Black Sea are assessed in publications of many prominent scientists such as
N.I. Andrusov, A.D. Arkhangel’skii, N.M. Strakhov, V.P. Goncharov, Yu.P. Ne-
prochnov, A.F. Neprochnova, V.P. Zenkovich, N.A. Aibulatov, PN. Kuprin,
E.F. Shnyukov, G.A. Saf’yanov, and others.
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Their concepts and the results of the author’s observations allow one to
outline the general pattern of the structure of the coastal topography and the
relief of the floor of the Black Sea basin.

The Black Sea depression represents a remnant of the ancient Tethys
Ocean. Its topography has undergone a complicated evolution history, which
may be subdivided into two principal stages. The earlier stage (from the
Mesocenozoic to Quaternary, 160-200 million years B.P.) was when the prin-
cipal geological structures of the Black Sea depression and its mountain
rimming were formed. The later stage (the Pleistocene-Holocene period,
of about one million years), covered the formation of the Black Sea level,
accompanied by its oscillations from deep regressive falls and formation
of a lacustrine basin in the glacial periods to sharp transgressive rises in
the post-glacial times with reconnection to the Mediterranean Sea via the
Bosporus Strait [5,6]. At this stage, the pattern of the coastal and bot-
tom topography was formed, which was later inherited by the present-day
features.

The level of the Black Sea seems to be still confined to its optimal
marks characteristic of the existing climatic conditions in its watershed. It
is not the highest level position over the past 18000 years. In the Holocene
(6000 years B.P.), it was 3—-4 m higher than at present. Now, the sea level pos-
ition is also changing and responds not only to the seasonal variations in the
water budget (approximately 15-30 cm) but also to the global warming. Ac-
cording to different estimates, this may lead to a significant sea level rise as
early as the current century.

This scenario should probably be taken into account when planning eco-
nomic activity on the mastering of the coastal zone in order to provide
environmental security and sustainable development of the cis-Black Sea re-
gion.

The submarine topography of the Black Sea can be naturally subdivided
into the zones of the shelf, continental slope, continental footstep, and the
floor of the deep-sea depression (Fig. 1).

The Black Sea shelf is an inclined abrasive-accumulative surface formed
owing to the large-scale sea level oscillations in the Pleistocene-Holocene. At
selected places, this surface is complicated by relics of ancient coastlines and
buried fragments of river valleys recognized at depths down to 40-60 m. On
the shelf edge, one may encounter relics of ancient accumulative bars with
a relative height up to 4 m.

The outer shelf edge is limited by the border of an escarpment; it is located
at depths of 100-160 m. In selected shelf areas, there is an older terrace step
that reaches depths of 200 m.

With respect to the particular features of the topography, the Black
Sea shelf may be subdivided into the following regions: Bulgarian-near-
Bosporus, Northwestern, Crimean, Kerch-Taman’, Caucasian, East Anatolian,
and West Anatolian.
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It should be especially noted that the division of the Anatolian (Turkish)
shelf into two parts - eastern and western - is caused, mainly, by the fact
that the parts of the shelf adjacent to the Pontian Mountains differ from one
another in morphological features. The boundary between these parts is con-
fined to the Sinop salient.

The Bulgarian-Near-Bosporus shelf. Its inner zone is identified as an un-
derwater coastal slope descending to the lower boundary of the impact zone of
the waves with a 1% recurrence at depths of 25-30 m. Off capes, the slopes are
steep, while in bays they are gentle. The central zone is occupied by a slightly
dissected hilly accumulative plain; from the inner zone it is separated by un-
derwater depressions well manifested at depths from 15 to 40-70 m.

The outer zone of the shelf is occupied by an accumulative plain with
relic features of the coastal topography such as bars. These coastal bars were
probably formed at regressive stages, when the Black Sea level was located at
marks of 80-100 m.

The Northwestern shelf occupies the area limited by the coastline in the
north and by the shelf edge in the south; the latter is located at sea depths
of 130-200 m and runs from Cape Kaliakra in the west to Cape Khersones in
the east. The maximum width of the shelf is 220 km. The present-day morph-
ology of the shelf is defined by the major rivers that fall into the northwestern
part of the sea. Their near-mouth features were formed in the Quaternary
over the paleorelief flooded during regressive stages of the sea level history.
The present-day surface of the shelf retains fragments of relic topographic
features in the form of paleodetltas and ancient coastlines. On the whole,
the shelf represents a stepwise alluvial-marine plain with superimposed un-
derwater bars, relics of river valleys, and abrasive escarpments. In the south,
it is rimmed by marginal bars extended along the shelf edge at depths of
100-130 m. The inner zone of the northwestern shelf consists of the underwa-
ter coastal slope with signs of intensive wave action extending down to depths
of 30-40 m. The width of this zone sharply changes from 10 km in the west to
110 km at the meridian of Berezanskii Lagoon. Here, the manifestation of the
sediment-forming activity of the rivers is especially strong.

The central zone of the shelf is dominated by accumulation processes,
which results in smoothing and burying of relic topographic features. This
zone is 35-90 km wide and occupies areas with sea depths from 40 to 60 m.

The outer shelf zone is located at depths greater than 60 m; its marginal
part is characterized by steeper slopes than those in the inner and central
zones. The greatest depths here reach 60-100 m; its smallest width (down
to 10 km) is observed in the east, while in the west, off the Danube River
mouth, it reaches 60 km. Here, the shelf edge is confined to 130-150 m depth
contours.

The portion of the shelf between Cape Tarkhankut and Cape Khersones
represents a slightly inclined abrasive-accumulative plain with traces of relic
coastal topographic features down to sea depths of 40-50 m.
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The Crimean shelf extends from Cape Khersones in the west to Cape
Meganom in the east. It is widest off Cape Sarych (35-40 km) and narrow-
est off Cape Ayu Dag (5 km) [1, 2]. This region is subjected to intensive wave
action because it is exposed to all the southerly winds. The boundary of the
underwater coastal slope is located at depths of 30-40 m. The near-shore zone
is the area of alongshore sediment transport and smoothing of the bottom to-
pography. Underwater and dried abrasive remnants are common; the largest
of them are confined to the capes composed of strong volcanic rocks [7, 8].

The central and outer zones of the shelf are mostly represented by inclined
accumulative plains in bay areas (for example, off Yalta) and by abrasive sur-
faces off capes Sarych, Meganom, and others. At selected places of the shelf,
one can recognize manifestations of tectonic activity in the form of faults and
block displacements.

The Kerch-Taman’ shelf is located south of the Kerch Strait from Cape
Meganom in the Crimea to Cape Utrish on the Caucasian coast. South of
the Tuzla Spit of the Taman’ Peninsula, the shelf width up to sea depths of
200 m exceeds 60 km. The edge of the shelf is distinctly manifested in the
western and eastern parts of the region at depths of 90-130 m; on the sea-
ward side, it is limited by abrasive escarpments with heights from 4-5 to
10 m. The shelf features a stepwise surface. Its inner zone down to depths
of 30-40 m occupies the wide shallow-water shoal, forming a gently sloping
accumulative plain. Its surface is complicated by flooded ancient coastal fea-
tures, numerous underwater ridges, reefs, and hollows. Below, down to depths
of 80 m, is located the central shelf zone, where processes of non-wave-action
accumulation mostly proceed. The outer zone is defined by ancient abrasive
escarpments and underwater accumulative bars. In the region of the Kerch
Strait, the shelf edge forms an arc-shaped line convex toward the sea. Here, no
distinct marginal topographic features are observed and the transition to the
continental slope occurs gradually owing to the increase in the floor sloping
angles. One may suggest that, with respect to the general topographic pat-
tern, this area represents an accumulative fan of the paleodeltas of the Don
and Kuban’ rivers.

The Caucasian shelf extends southward along the coastal ridges of the
Greater Caucasus from Cape Utrish to Cape Pitsunda and farther to the south
up to Batumi. Its width does not exceed 10-12 km (off Sochi and Dzhugba)
and reaches a value of 20-30 km between Cape Pitsunda and the Gumista River
and in the area between Capes Iskuriya and Anakliya. These two wide bumps
off Gudauta and Ochamchira are formed by the paleodeltas of the Bzyb’ and
Kodori rivers. The narrowest part of the shelf is observed off Leselidze, where
steep escarpments of the underwater slope start directly from the coastline,
and off Sukhumi, where it is not greater than 3-4 km. Nevertheless, within the
Caucasian shelf, one can also distinguish the inner and outer zones.

The inner zone represents an abrasive-accumulative coastal slope down
to depths of 25-30 m, with a characteristic ridge-stepwise topography and
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marks of active wave impact. Farther, a slightly inclined surface descends to
depths of 60-70 m, below which the outer shelf zone begins. Its edge is com-
plicated by abrasive-landslide escarpments with numerous cuts related to the
top parts of underwater canyons. The depth of the outer edge of the shelf
never exceeds 110-130 m.

The East Anatolian (Pontian) shelf extends in the form of a narrow band
in the southeast of the Black Sea along the East Pontian mountains from Ba-
tumi to Sinop. Usually, its width does not exceed 3-4 km and increases up
to 12km off Cape Yason and to 16-20 km off Cape Shatly; in Sinop Bay, it
reaches even 25-30 km. Its outer edge lays at sea depths of 110-130 m. The
margin of the shelf is dissected by the tops of submarine canyons that capture
alongshore sediment fluxes. The narrow portions of the shelf are charac-
terized by steeply inclined abrasive surfaces; slightly inclined accumulative
plains with underwater ridges and hollows are spread in wide arc-shaped bays
between capes.

The West Anatolian shelf, from Sinop to the Bosporus Strait, features
a maximum width of 25-30 km. The narrowest shelf is observed off Zongul-
dak and Karasu, where it is less than 3-4 km wide. The edge of the shelf is
confined to depths of 100-110 m. The shelf is mostly represented by a step-
wise abrasive or abrasive-accumulative plain with superimposed ridges, es-
carpments, and hollows.

The continental slope of the Black Sea basin is located below the outer edge
of the shelf. It has a complicated heterogeneous structure caused by the par-
ticular features of the tectonics of the adjacent plains and mountain ridges -
the Crimean, Caucasian, Stara Planina, and West and East Pontian ridges. The
depth of the edge of the continental slope ranges from 100 to 200 m. Its lower
boundary is marked by a topographic bend at sea depths of 1100-1500 m.

In tectonically active areas of the continental slope, structural topographic
features dominate and, in the transverse profiles of the slope, relatively gen-
tle (1-3°) accumulative surfaces are sharply replaced by steep almost vertical
(10-30°) escarpments, often featuring a stepwise profile and cut by systems
of faults. Over the steep slopes, landslide processes develop [9].

For example, these kinds of processes actively proceed on the Caucasian
continental slope off Dzhugba and Arkhipo-Osipovka. Here, the underwa-
ter relief is characterized by extreme complicacy and irregularity. Landslide
formations are encountered at depths of about 850 m at a distance of 6 km
from the coast. The thickness of the sliding units is 20-25m at a length of
350-400 m. The landslides descend to depths of 1200-1500 m at the foot of
the continental slope.

The steepest and narrowest portions of the continental slope are confined
to the Crimean coast, the Adler segment of the Caucasian coast, and to the re-
gions off Trabzon and Zonguldak of the Anatolian coast. These parts of the
continental slope are dissected by series of underwater canyons.
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On the southern coast of the Black Sea, off capes Bafra and Yason, the
continental slope is complicated by a series of rises. They extend over dis-
tances of 40-80 km almost parallel to the coastline; the largest of them is the
Arkhangel’skii Rise.

Among the types of the continental slope of the Black Sea, with respect to
their morphology and origin, one can clearly distinguish the northwestern and
the northeastern areas adjacent to the near-mouth regions of the Danube, Dni-
ester, and Dnieper rivers and to the Kerch Strait. In these areas, the continental
slope was formed owing to the growth of paleodeltas of the rivers cited in the
west and those of the Kuban’ and Don rivers in the east. Therefore, here, the
continental slope is significantly advanced into the sea by 70-90 km in the form
of a gentle accumulative plain and is coupled with the continental footstep.

Virtually over its entire extension, the continental slope of the Black Sea
is dissected by numerous faults and underwater canyons. These canyons,
confined to tectonic dislocations (fracture zones or grabens), are later trans-
formed by turbidity flows, which use them as channels for the transport of
mineral particulate matter from the near-shore zone to the foot of the con-
tinental slope. At the places of discharge of turbidity flows, alluvial fans are
formed, which may be cut by runoff channels [10].

The tops of underwater canyons are confined to river mouths and form
a complicated branched pattern of tributaries, which cross the shelf edge and
join the main channel of the canyon within the continental slope.

The largest of the canyons known in the Black Sea is the Danube Canyon;
it has a length of 220 km and eight tributaries up to 58 km long. The greatest
number of tributaries (69) is distinguished in the underwater canyon system
off the Bosporus Strait.

The Danube underwater canyon system is crowned by a thick alluvial
fan. The relative height of this topographic feature reaches 500 m at a width
changing from 40 km in its upper part to 60 km at its base. The alluvial fan is
advanced by 100 km in the southeastern direction into the western depression
of the sea. At the center of the fan, one observes an underwater valley rimmed
by high (up to 300-400 m) near-channel bars [11].

A similar pattern is also observed in the Kerch-Taman’ portion of the con-
tinental slope, where the system of underwater canyons features a length of
the main valleys up to 280 km and a great number of secondary channels (52).

The highest degree of dissection by canyons is observed on the continental
slopes of the Caucasian, West and East Pontian, near-Bosporus, and Bulgar-
ian regions. In these areas, the tops of underwater canyons almost approach
the coastline, terminating at a depth of 5-7 m, and play their part in captur-
ing the alongshore sediment fluxes. The main channels of the canyons cross
the continental slope and are 15-20 to 100-150 km in length.

The morphologies of the different underwater canyons have much in com-
mon. They feature V-shaped or U-shaped transverse profiles. With depth,
the width of the canyons increase from 150-200 m at the shelf edge to to
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300-500 m in the middle part of the continental slope and to 1.5-5 km at its
base. Alluvial fans of the underwater canyons often merge, forming a particu-
lar hilly topography at the foot of the continental slope.

The continental footstep of the Black Sea occupies an intermediate pos-
ition between the continental slope and the floor of the central depression at
depths from 1100-1200 to 1800-2000 m. Morphologically, it is represented by
a slightly inclined plain that borders the base of the continental slope. It is
a kind of accumulative tail formed owing to the merging of numerous alluvial
fans near the mouths of underwater canyons and to the sedimentation matter
supplied from the shelf and continental slope due to the sediment runoff and
landslide processes.

The continental footstep has a greater area than the continental slope. Its
smooth topography is complicated by hilly features, underwater valleys, and
channels of turbidity flows that serve for the sediment discharge. At depths of
1800-2000 m, the lower boundary of the continental footstep is indistinct. The
sloping plain gradually gives place to the floor of the deep-water depression.
The greatest widths of the continental footstep (up to 90-100 km) are observed
in the northwestern, northeastern, and southeastern parts of the Black Sea.

The floor of the deep-water depression occupies the central part of the
Black Sea basin. Its area inside the 2000-m depth contour comprises about
34% of the total area of the sea.

The Andrusov Rise, which is poorly manifested in the bottom topogra-
phy, together with the Arkhangel’skii Rise, which is its southern continuation,
divides the central Black Sea depression into its western and eastern parts.
Their sublatitudinal extensions comprise 450 and 300 km, respectively. The
western depression is deeper; here, sea depths greater than 2200 m have been
registered. In the eastern depression, sea depths range from 2000 to 2160 m.
Over the entire history of the geological evolution of the Black Sea basin,
these depressions have been sites of accumulation of sedimentary matter,
whose thickness can reach 10-15 km.

The floor of the depressions is significantly smoothed and slightly inclined,
featuring a gradual depth increase from the margins toward the center of the
sea. In terms of morphology and origin, its topography may be referred to as
underwater plains of terminal marine accumulation. Precisely here, the de-
cay of all the hydrogenous and gravity matter fluxes delivered from the shelf
over underwater canyons, continental slope, and continental footstep to the
enclosed depressions, where they are captured and accumulated, occurs.

4
Bottom Sediments

The distribution of the recent bottom sediments in the Black Sea is dis-
tinguished by its complicacy. Their composition and origin depend on the
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provenance areas, hydrodynamic and lithodynamic activity in the contact
zone of the sea, and on the morphology of the bottom topography (Fig. 2).

The sedimentation is strongly controlled by the inherited character of
the relief-forming processes that proceeded against the background of the
Holocene history of the Black Sea. Sediment formation is also influenced by
the solid riverine runoff and coastal abrasion, slope-derived supply, and bio-
genic and chemogenic matter.

Wave action, currents, and gravity processes define the particular features
of the redistribution of the bottom sediments, their zonation, and the ex-
istence of coarse-grained matter in the near-shore zone subjected to wave
action, and of the fine-grained fraction beyond this zone at greater depths.
Unusual features in the bottom sediment distribution may be caused by the
activity of turbidity flows and landslide processes, which distort the general
regularities of the lithological zonation.

The first schematic of the bottom sediments of the Black Sea was com-
piled by A.D. Arkhangel’skii and N.M. Strakhov in 1938. Later, these data have
been refined by different scientists. Recent sediments of the Black Sea are
characterized by a significant spatial variability and lithological diversity with
respect to their mineral and grain-size compositions [12, 13].

Over plain areas, one observes no sharp contrasts and boundaries between
different facial types of sediments. With respect to the composition and dis-
tribution of the sediments, the Black Sea can be subdivided into the same
regions as the shelf, continental slope, continental footstep, and the floor of
the deep-water depression.
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Fig.2 The bottom sediments of the Black Sea: 1 terrigenous oozes, 2 sandy-coquina,
3 sandy-pebbly, 4 coquina, 5 coccolith oozes, 6 sandy-silty, 7 terrigenous—coccolith oozes
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The northwestern region is characterized by large provenance areas, from
which alluvial matter is supplied via the deltas of the Danube, Dniester, and
Dnieper rivers. The Danube River, which features a wide delta with numer-
ous channels and branches provides the greatest solid runoff to the shelf zone.
The delta is composed of terrigenous sediments and is advanced toward the
sea by 7-10 km.

In the solid runoff of other rivers, regulated owing to the construction of
reservoirs, biogenic supply has a greater significance. While in the near-shore
zone at low depths the proportion of the biogenic matter ranges from 30 to
50% of the total sediment, the proportion of coquina and detritus in the sedi-
ments of the central zone of the northwestern part of the sea reaches 80% and
more.

At the outer edge of the shelf and in the upper part of the continental slope,
silty and clayey coquina and lowly-carbonate oozes are mostly developed. The
sediments of the continental slope (as well as those of the major part of the
deep-water basin of the Black Sea) are represented by clayey-calcareous (coc-
colith) oozes.

The continental slope represents a transit zone of the sediment fluxes
supplied in the form of detrital matter from the rivers and the products
of abrasion, as well as the sediments carried by turbidity flows. The conti-
nental slope is covered with compacted clayey oozes (grain-size fractions of
0.001-0.01 mm). At selected places on steeper parts of the slope, remains of
mollusk fauna such as shells of Dreissena rostriformis have been encountered.
At sites with gentle sloping, they are overlain by the Holocene and recent
sediments [11].

A special type of sediment is formed at the foot of the continental slope of
the Black Sea in the zone of discharge of turbidity flows. In the western part of
the sea and in the Crimean sector, the sediments of the base of the continental
slope are represented by finely stratified biogenic or organogenic oozes. In the
eastern and southern parts of the basin, a terrigenous component of clayey
sediments becomes more significant [6, 14].

The sediments of the abyssal plain of the central Black Sea region are
mostly biogenic and are enriched with organic matter. The floor of the deep-
water depression is covered with coccolith oozes. In peripheral zones, in
addition, terrigenous lowly calcareous oozes and carbonate-free silts are ob-
served.

The Crimean region is characterized by alongshore variations in the sedi-
ments of the underwater slope. West of the Tarkhankut Peninsula up to
Evpatoriya, biogenic coquina deposits dominate; they cover the limestone
bedrock. On the Crimean shelf, terrigenous sediments are also observed rep-
resented by boulders and pebbles in the near-shore zone, sands at depths
down to 7-10 m, and fine sands and silty oozes at greater depths. Meanwhile,
at depths of about 30 m, there exists a sandy-pebbly bar formed by extreme
waves.
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In the shallow-water Kerch-Taman’ region, in the zone of wave action, co-
quina sediments are developed; at greater depths, terrigenous oozes with an
admixture of coquina matter are observed [15].

The sediments of the Caucasian region are formed under the influence of
the solid runoff of mountain rivers and due to the intensive development of
the processes of abrasion and denudation. Waves and coastal currents sig-
nificantly affect the distribution of the terrigenous-detrital matter over the
underwater slope, concentrating largest particles of the matter of boulders,
pebbles, and sands close to the coastline and on the beach. Beyond the zone
of the wave action, fine-grained sands and silty oozes are accumulated. Often,
bedrocks are exposed at abrasive surfaces of the underwater slope at depths
down to 60 m.

In the West and East Pontian regions, the sediment formation is strongly
influenced by mountain rivers and numerous water channels that supply ter-
rigenous matter as well as by coastal abrasion.

The sediments of the underwater coastal slope of the Bulgarian region
from the shore to the depth of near 30 m consist of differently-grained sands,
silts, and coquina; bedrock exposures are abundant.

Analyzing the particular features of the sediment distribution in the near-
shore zone and on the floor of the Black Sea, one should note the extremely
high sedimentation rates, reaching 20 cm in 100 years.

5
Conclusions

The history of the formation of the Black Sea basin is usually referred to
the Upper Paleozoic epoch, when its basaltic basement was formed and the
foundation was laid to the depression that later developed in the Mesozoic—
Cenozoic time [1, 7]. By the beginning of the Mesozoic, a series of major rises
at the margins of the depression had been formed, while the adjacent areas
were covered with sea.

During the Lower and Upper Cretaceous, geosynclines started to grow at
the margins of the depression, while in the south, the Arkhangel’skii and
Inebolu Rises were formed.

The intensive Upper Cretaceous transgression covered the entire area and
existed until the Eocene. Against its background, the prototype of the moun-
tain rim of the Black Sea depression that was formed at that time looked like
a system of individual island massifs. This pattern sharply changed in the
Oligocene. The mountain ranges of the Crimea, Caucasus, and Pontides be-
gan growing, which resulted in the isolation of the Black Sea basin, activation
of exogenous processes, and accumulation of a thick sedimentary sequence.

During the subsequent Miocene-Pliocene and Quaternary periods, the
thickness of the sediments increased.
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In the Pleistocene-Holocene, the Black Sea underwent a series of inten-
sive transgressions and regularities. At this stage, the topographic pattern
inherited by recent marine-coastal features was formed, accompanied by the
appearance of the shelf, marine terraces, and systems of underwater canyons
on the continental slope.

At the present-day stage of the basin development, evolution of the topog-
raphy and sedimentation in the Black Sea proceed against the background of
the global climate warming and sea level rise. This predicted process may lead
to extreme and, probably, catastrophic events in the near-shore zone. In the
practice of the use of the Black Sea as a natural resource, it is necessary to re-
vise the measures for provision of the ecological security of the environment.
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Abstract Based on the data of long-term observations, principal hydrological and hydro-
chemical characteristics of the Sea of Azov such as the water temperature, salinity, and
oxygen and nutrient contents are assessed. Features of the seasonal and interannual vari-
ations under the action of natural and anthropogenic factors are shown. The biodiversity
of the sea and the influence of the invader species on the state of the sea ecosystem are
analyzed in detail.
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1
Introduction

The first studies of the oceanographic and biological features of the Sea of
Azov started in the middle of the nineteenth century [1]. Regular survey-
ing of the hydrological and meteorological regime of the sea began with the
development of a network of coastal hydrometeorological stations, as well
as with sea expeditions on board research vessels conducted at the end of
the nineteenth and at the beginning of the twentieth century by Wrangel
(1873), Shpindler (1890), Antonov (1913), and others [2-4]. From 1922 to
1928, Knipovich headed sea expeditions to the Sea of Azov and the Black
Sea with the aim of oceanographic and fishery research [5-7]. From 1928
to 1932, sea expeditions were continued by a special fishery station, which
was later reorganized into the Azov and Black Sea Fisheries Research In-
stitute (AzCherNIRO). In 1936, the USSR State Hydrometeorological Service
set up a network of hydrometeorological stations and standard hydrographic
sections in the Sea of Azov; later, it was used by the State Oceanographic In-
stitute (SOI) for the studies of the hydrological regime and regional climate.
After World War II, the AzCherNIRO restarted research activities in the Sea of
Azov. The results of sea expeditions have been regularly published in Marine
Hydrometeorological Yearbooks. Since 1952, the Azov Institute for Fishery
(AzNIIRKH) has been carrying out comprehensive research of hydrological,
chemical, biological parameters and fishery in the sea.

In the late 1980s, more than 20 coastal hydrometeorological stations were
providing daily hydrological and meteorological information. Six standard
hydrographic sections across the Sea of Azov were used to collect physical,
chemical, and biological data. This set of data was used for the description
of the state of the sea, its seasonal and interannual variability, as well as for
the assessment of biological resources [8-10]. Since 1997, Murmansk Marine
Biological Institute (MMBI) and its Azov Branch (since 1999) have conducted
more than 40 scientific expeditions in the Sea of Azov [11-16]. The Southern
Scientific Center of the Russian Academy of Sciences established in Rostov-
on-Don in 2002, made a decision to rescue the historical oceanographic data
and to make them available to the international scientific community in order
to stimulate studies of the Sea of Azov. In 2006, this resulted in the NOAA
publication Climatic Atlas of the Sea of Azov 2006, edited by Matishov and
Levitus [17]. This atlas and the accompanying CD-ROM contain oceano-
graphic data collected by specialists of the USSR and Russian Academy of
Sciences, Ministry of Fisheries, and the Hydrometeorological Service of the
USSR and Russia in the Sea of Azov and the adjacent part of the Black Sea
from 1913 to 2004. The atlas contains monthly climatic maps of temperature
and salinity at the sea surface and depth levels of 5 and 10 meters. The in-
terannual variability of temperature and salinity of the Sea of Azov is also
discussed.
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The interest to the Sea of Azov was always related to its large fish stocks,
which are inferior only to that of the Caspian Sea. Annual fish hauls (stur-
geons, pike-perchs, breams, and sea roaches) in this small sea reached 300 kt.
This triumph of fishery was confined to the period of the natural harmony be-
tween the processes in the sea, when it was characterized by a high quality of
the environment.

Previous to the early 1950s, under the natural water regime, the Sea of
Azov was distinguished by its extremely high biological productivity. The
riverine runoff delivered great amounts of nutrients, 70-80% of which were
supplied during the spring flood period. This provided abundant develop-
ment of phytoplankton, zooplankton, and benthos. The area of the spawning
zones related to flooded regions and lagoons in the lower reaches of the Don
and Kuban’ rivers reached 40000-50000 km?. Along with the good heating,
low salinity, sufficient saturation with oxygen, long vegetation period, and
rapid cycling of nutrients, these factors provided conditions favorable for
ichthyofauna that included up to 80 species [18].

Today, the basin of the Sea of Azov represents a well-developed industrial
and agricultural region. The formation of the industrial and agricultural com-
plex in the basin of the Sea of Azov is related to the regulation of the riverine
runoff, to the partial use of the runoff, to the intensive industrial and civil
construction, creation of irrigation systems in the sea watershed, and to the
development of road-transport hubs, etc. This resulted in significant changes
in the sea owing to the decrease in the volume of the freshwater supplied.
The ecological changes resulted in a sharp drop in the biological productivity
of the sea. The trophic base for fish decreased by several times and the total
hauls reduced, mostly at the expense of valuable fish species.

2
Physico-Geographical Conditions

During its rich history, the Sea of Azov had many different names. Ancient
Greeks called it Maeotian Lagoon (Maeotian Lake), while Romans referred to
it as Palus Meotis (Maeotian Marsh) after the tribe Maeotae that dwelled on
its coasts. In the antique epoch, locals called it Temerinds. In medieval times,
Russian name for it was the Surozh Sea after the name of the Crimean town of
Surozh (now Sudak).

The Sea of Azov is the most shallow-water and one of the smallest seas of
the world. Its area is 39000 km? at a volume of 290 km?; the average depth is
7 m with a maximum value of 14 m. It is connected with the Black Sea by the
narrow (up to 4 km), and shallow-water (up to 15 m) Kerch Strait. The max-
imum length of the sea is 360 km at a maximum width of 180 km. The first
sailing directions for the Sea of Azov (1854) were compiled by Sukhomlin,
who spent two years studying the coasts of the sea.
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The sea features rather simple outlines. The northern coast is even and
steep with accumulative sandy spits. In the northeast, the largest of the sea
bays - Taganrog Bay - penetrates into the land; its top coincides with the delta
of the Don River. In the west, the Arabatskaya Strelka Spit separates Sivash
Bay from the sea. The bay is connected with the sea by the Genichesk Strait.
Sivash Bay (or the Gniloye Sea) represents a system of shallow-water bays with
a total area of 2560 km?. Their depths are 0.5-1.5 m, with a maximum value
of 3 m. Annually, Sivash accepts up to 1.5km’ of the water from the Sea of
Azov. Owing to the strong evaporation, the Sivash water transforms into sat-
urated salt solution (brine, or rapa) with a salinity reaching 170 psu. Similar
to Kara Bogaz Gol of the Caspian Sea, Sivash Bay provides various chemical
resources. It contains millions of tons of salt, magnesium sulfate, sodium sul-
fate, bromine, and other ingredients. For a long time, table salt works existed
in Sivash Bay. Mirabilite is also extracted from the Sivash brines through salt
precipitation.

In the southeast, the delta of the Kuban’ River with vast flooded plains and
numerous channels extends over about 100 km. The Kuban’ River enters the
top part of the open Temryuk Bay. Low seacoasts gradually descend to a flat
sandy bottom. The depths smoothly increase with the distance from the coast.
The largest depths are observed in the central part of the sea; in Taganrog Bay,
they range from 2 to 9 m. In Temryuk Bay, mud volcanoes are known. The
main sources for the supply of the terrigenous matter that forms the bottom
sediments of the Sea of Azov are represented by the products of coastal abra-
sion and the riverine alluvium. The bottom sediments are mostly represented
by clayey and silty oozes and sands.

Essentially, the Sea of Azov is a vast zone of mixing between the riverine
and Black Sea waters. Almost the entire riverine runoff to the sea (more than
90%) is provided by the Don and Kuban’ rivers and its major part is confined
to the spring—summer season. The principal exchange between the waters of
the Sea of Azov and those of the Black Sea is implemented via the Kerch Strait.

The climate of the Sea of Azov, which deeply penetrates into land, is con-
tinental. It is characterized by cold winters, and dry and hot summers. In the
autumn-winter period, the weather is determined by the influence of a spur
of the Siberian anticyclone with a domination of easterly and northeasterly
winds with a speed of 4-7 m/s. Enhancements of the impact of this spur
cause strong winds (up to 15 m/s) and are accompanied by invasions of cold
air masses. The mean monthly temperature in January ranges from -1 to
- 5°C; during northeasterly storms, it may fall down to - 25 to - 27 °C.

In the spring-summer period, warm and fair weather with weak winds
prevails. In July, the mean monthly temperature over the entire sea equals
23-25°C, while its maximum values reach more than 30°C. In this sea-
son, especially in the spring, Mediterranean cyclones often pass over the sea;
they are accompanied by westerly and southwesterly winds with speeds of
4-6 m/s, and sometimes by gusts.



The Sea of Azov 67

The water balance of the Sea of Azov consists of the following components:
the incoming part contains the riverine runoff and the atmospheric precipi-
tation, while the outgoing part includes evaporation. The water exchange via
the Kerch Strait should also be taken into account. According to the data av-
eraged over 1923 to 1985, the riverine runoff, precipitation, and evaporation
comprised 38.6, 15.5, and 34.6 km?>/year, respectively. The annual inflow of
the Black Sea waters via the Kerch Strait was 36-38 km? /year, while the out-
flow of the Azov waters comprised 53-55km? /year; this provided a value of
the resulting water removal from the Sea of Azov of about 17 km?> /year.

An analysis of the water balance of the Sea of Azov over the years cited
shows that the components of the balance changed in the period before the
regulation of the riverine runoff in1952 and after it. On average, the riverine
runoff to the sea reduced by 5.7 km? /year, the supply of the Black Sea waters
increased by 1.5 km?3 /year, and the outflow of the waters of the Sea of Azov to
the Black Sea increased by 1.9 km?3 /year. Meanwhile, on the whole, the water
balance remained almost the same.

The winds that dominate over the sea induce significant surge (onset) sea
level oscillations. The highest sea level rises were registered in Taganrog,
where they reached 6 m. At other sites, rises ranging from 2 to 4 m are pos-
sible (Genichesk, Eisk, and Mariupol’); in the Kerch Strait, they reach a height
of about 1 m. The limited sizes and small depths of the sea favor rapid devel-
opment of wind waves. The waves are short and step; in the open sea, they are
up to 1-2 m, sometimes 3 m high.

Sharp changes in the atmospheric pressure and winds over the Sea of Azov
may also induce seiches - freestanding oscillations of the sea level. In port
areas, seiches with periods from a few minutes to a few hours are generated.
In the open sea, seiches with a diurnal period up to 20-50 cm high are noted.

Seasonal changes in the sea level mainly depend on the regime of the river-
ine runoff. The annual sea level change is characterized by its rise in the
spring-summer months and a fall in the autumn and winter with average
total range of 20 cm.

The currents in the sea are mostly induced by the wind. Under the forc-
ing by westerly and southwesterly winds, an anticlockwise water circulation
in the sea is formed. The cyclonic water movement is also characteristic under
easterly and northeasterly winds as well when they are stronger in the east-
ern part of the sea. If these winds are stronger in the southern part of the
total abundance, the circulation has an anticyclonic character. At weak winds
and calm, insignificant currents of intermittent directions are observed. Since
weak and moderate winds dominate above the sea surface, currents with vel-
ocities lower than 10 cm/s feature the highest recurrence rates. Under strong
winds up to 15-20 m/s, current velocities increase up to 60-70 cm/s.

In Taganrog Bay, the resulting water transport is controlled by the runoff of
the Don River and is directed from the bay toward the sea. In the Kerch Strait,
under northerly winds, the current flows from the Sea of Azov to the Black
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Sea; winds with a southerly component provide the supply of the Black Sea
waters to the Sea of Azov. The dominating current velocities in the strait grow
from average values of 10-20 cm/s to 30-40 cm/s in its narrowest part. After
strong winds, compensatory currents are generated in the strait.

3
Ice Conditions

In the Sea of Azov, ice is formed every year; in so doing, the ice coverage (sea
area covered with ice) strongly depends on the character of the winter (severe,
moderate, or mild). In moderate winters, ice is formed in Taganrog Bay by the
beginning of December. During December, fast ice is formed along the north-
ern coast of the sea and somewhat later along its other coasts. The width of
the fast ice band ranges from 1.5 km in the south to 6-7 km in the north. In
the central part of the sea, floating ice is formed only at the end of January
or the beginning of February; subsequently, it freezes together and forms ice
fields with high ice concentration numbers (9-10). The ice cover is most de-
veloped at the beginning of February, when its thickness reaches 30-40 cm
(60-80 cm in Taganrog Bay).

Fig.1 Ice in the Sea of Azov revealed from a MODIS-Aqua satellite image on March 10,
2006. Image courtesy of D.M. Soloviev, Marine Hydrophysical Institute, Sevastopol,
Ukraine
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Throughout the winter, the ice conditions feature instability. The mutual
replacements of the cold and warm air masses and wind fields over the sea
caused repeated breaking and drifting of ice fields and their hummocking. In
the open sea, the heights of hummocks never exceeds 1 m, while off the Ara-
batskaya Spit, hummocks may reach a height of 5m. As a rule, during mild
winters, the central part of the sea is free from ice; it may be observed only in
bays and lagoons along the coasts.

In mild winters, the release from ice occurs during March first in the south-
ern regions and in river mouths, then in the north, and, finally, in Taganrog
Bay (Fig. 1). The average duration of the ice period is 4.5 months. In anoma-
lously warm or severe winters, the times of ice formation and thawing may be
shifted by 1-2 months or even greater.

4
Thermohaline Structure

Due to the small sizes and small water depths of the sea, the principal char-
acteristics of the hydrological and hydrochemical regime are subjected to
significant natural and anthropogenic variations.

In the shallow-water Sea of Azov seasonal changes in the water tempera-
ture are very strongly manifested. In the winter (January to February), over
the greater part of the sea area, the sea surface temperature equals 0-1 °C;
only in the region of the Kerch Strait, it grows up to 2-3 °C. In the sum-
mer (July to August), the temperature is homogeneous over the entire sea
area being equal to 24-25 °C (Fig. 2). The maximum values in the open sea
reach 28 °C, while near the coasts they may exceed 30 °C. In the near-bottom
layer of the sea, the temperature distribution is generally close to the values
registered at the surface of the basin.

The shallow-water character of the sea provides rapid propagation of wind
and convective mixing down to the bottom, which leads to equalizing the ver-
tical temperature distribution; in most cases, the temperature difference is
less than 1 °C. Meanwhile, during summertime calm periods, the thermocline
is formed which prevents the near-bottom layer from water exchange.

Under the conditions of natural riverine runoff, the salinity distribution in
the sea was rather homogeneous; horizontal gradients were observed only in
Taganrog Bay, at the exit from which, salinity values of 6-8 psu dominated
(Fig. 3). This bay is filled with desalinated waters with a salinity of about
2-7 psu. In the open sea the salinity ranged from 10 to 12 psu; in almost all
of the regions, gradients were episodically observed and they were mainly
related to the supply of the Black Sea waters. The seasonal salinity changes
never exceeded 1 psu, except for Taganrog Bay, where they enhanced under
the influence of the intraannual runoff distribution. Most frequently, high
vertical salinity gradients are formed in Temryuk Bay, where the waters of the
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Fig.2 Mean multiannual water temperature (°C) in the Sea of Azov at a level of 0 m in
a February and b August [17]

Kuban’ River are delivered to a relatively deep-water near-mouth sea area. In
the spring of 1980, the salinity difference between the surface and the bottom
here reached 9 psu.

The multiannual changes in the salinity of the Sea of Azov are closely re-
lated to the variability in the overall humidity in its watershed. For example,
during the stage of enhanced humidity in 1924-1932, the average salinity of
the sea has decreased from 10.5 to 9.6 psu. During the period of reduced hu-
midity in 1945-1951, the salinity rose from 10.7 to 12.7 psu. The regulation of
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the Don River runoff in 1952 and the one-time removal of about 25 km> of
the Don River waters in order to fill in the Tsimlyansk Reservoir provided the
rapid growth of the salinity of the Sea of Azov (Fig. 4).

In 1953-1955, the average salinity in the sea reached 12.6-12.7 psu.
A growth that great was caused not only by the irreversible withdrawal of
the runoff but also by the fact that it was preceded by a depressive phase of
the total humidity of the sea basin with a maximum at the beginning of the
1950s. Later (starting from 1956), the humidity in the basin of the Sea of Azov
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Fig.4 Long-term (1922-1989) changes in the average salinity of the Sea of Azov (psu)

increased again; this phase of the climatic condition lasted until 1968 and
favored the stabilization of the salinity at a level of 11.3-11.7 psu.

The dynamics of the mean annual salinity of the Sea of Azov (by the ex-
ample of 1956-1968) shows that, even active irreversible withdrawal of the
waters, climatic factors may make a significant favorable effect on the results
of the anthropogenic activity in the sea basin. On the contrary, the decrease
in the total humidity in the basin after 1968 amplified the aftereffects of the
irreversible runoff withdrawals when, in 1973, the Kuban’ River was regulated
and 