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ABSTRACT

The artificial (technogenic) radioactivity of the Black Sea was studied before
and after the Chernobyl event, both during the period of nuclear tests and the
moratorium on such tests. Pasi I describes the forms of artificial radionuclides in
seawater. Part II discusses the input into the Black Sea resulting from global
fallouts. Part III is devoted: to the Chernobyl radioecological consequences. The
accumulation of radionuclides in bottom sediments and hydrobionts is
considered in Part IV, while Part V is devoted to the modelling of the processes of
radionuclide transport in Black Sea waters.

RESUME

La radioactivité artificielle (d'origine technologigue) de
la mer Noire a été étudiée avant et aprés la catastrophe de
Tchernobyl, & la fois pendant la période des esssis nucléaires
et pendant la durée du moratoire sur ces essais. On trouvera
dans la Partie I une description des formes de radionucléides
artificiels présents dans 1l'eau de mer. Dans la Partie II sont
examinés les apports dans la mer Noire provenant des retombées
mondiales. La Partie 1III est c¢onsacrée aux conséquences
radiocécologiques de Tchernobyl. L'accumulation de radio-
nucléides dans les sédiments du fond et dans les hydrobiontes
est abhordée dans la Partie IV, tandis que la Partie V traite de
la modélisation des processus de transport des radionucléides
dans les eaux de la mer Noire.

RESUMEN

La radiactividad artificial (de origen tecnol6gico) del Mar Negro se estudi6é antes y
después del accidente de Chemnobil, tanto en el periodo de ensayos nucleares como durante la
suspensién de los mismos. En la Parte I se describen las diferentes formas de radiondclidos
artificiales de las aguas marinas. En la Parte 1I se examinan las repercusiones de la
precipitacién 4cida de todo el mundo en el Mar Negro. En la Parte Il se analizan las
consecuencias radioecolégicas del accidente de Chemnobil. La acumulaci6n de radiondclidos en
los sedimentos bentdnicos e hidrobiontes es el tema de la Pate 1V, mientras que el de la
Parte V es la modelizacién de los procesos de transporte de radionticlidos en las aguas del Mar
Negro.
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PART1

INTRODUCTION

1.1 Preface

It is commonly recognized that technogenic radioactivity represents one of the
most important sources of environmental contamination. Radioactive elements are
known to have existed on the Earth since the day of its genesis, thereby constituting
its natural radioactive background. These elements include radioactive components
of the earth's crust (U:238, U-235, Th-232, Ra-226, Pa-231, K-40 and their decay
products) and cosmogenic radioisotopes, which occur in the atmosphere under the
impact of space radiation (C-14, Be-7, H-3, et al.). Obviously, at the time of the
planet's genesis the variety of its radioactive elements was considerably larger.
However, in the course of time, short-lived isotopes have virtually vanished owing
to radioactive decay. Today we have radioactive elements, whose half-life equals
millions or tens of millions of years. At the present stage of the Earth's evolution,
the planet's radioactive background has stabilized and changed within rather
narrow limits, basically through the varying intensity of space radiation.

The situation remained unchanged until 1945, when man succeeded in the
fissioning of the uranium atomic nucleus and radioactive isotopes, uranium fission
products, re-emerged on the planet. They constitute man-made environmental
radioactivity, whose level exceeds considerably that of natural environmental radio-
activity over the greater part of planet. It is the man-made radioisotopes that cause
radioactive contamination of theenvironment. Todate, thereisnota single areain the
lithosphere or biosphere, where man-made radioactive isotopes would not be
present. The increased radionuclide concentration in the biosphere and the change
in their isotopic composition greatly affects the natural life processes.

. Initially, the main source of man-made radioisotope input into the environment
was nuclear weapons testing in the atmosphere, on the ground, underground, in
seawater, etc. In 1963, after the signing of the Moscow Treaty Banning Nuclear Tests
in these three media, the contribution of this source of radioisotope to environmental
radioactive contamination had dramatically decreased, but this act failed to stave off
the radiation danger. Firstly, not all the countries signed the Treaty. Secondly, the
input of other powerful sources of environmental contamination (nuclear fuel
reprocessing industry, nuclear reactors, nuclear power stations), had steadily
increased, as atomic energy was becoming broadly used. The Chernobyl ac¢ident on
26 April 1986 became an unprecedented source of radioisotope input to the
environment. Theamount of radioactive material released into theatmosphere by the
damaged reactor during the first few hours followin} the accident was the largest in
the entire history of industrially-delivered discharges. The amount of discharged
radionuclides was more than 50 million Ci or 3-5% of the total radioactive substance
stored in the reactor at the time of the accident. Aerosol particles and gases that
escaped the active zone contained more than 30 varieties of radionuclide (most of



them, adverse for'man). The radioactive cloud, transported by wind travelled over
practically the whole of Eastern Europe and over much of Western Europe, thereby
contaminating, to a different extent, vast territories and multiple water basins.

The Black Sea is located in the immediate vicinity of the damaged reactor. It
received a huge quantity of direct atmospheric Chernobyl radionuclide fallout.
Additionally, Chernobyl radionuclides were delivered, and continue to be delivered,
to the Black Sea with river run-offs. The river run-off into the Black Sea totals 340 km
per year, this being equivalent to an 88 cm -vide layer covering the entire sea surface.
The input from the Danube, Dnieper, Dniester and Yuzhny Bug rivers into the north-
western Black Sea accounts for 80% of the total discharge. Their drainage basins cover
vast areas of the Eastern and smaller areas of Western Europe.

The present monograph gives a summary of the investigations of radioactive
contamination of the Black Sea over the last 30-35 years. In studying man-made
radioactivity in the Black Sea, most of the investigators focussed on Sr-90 and Cs-137
radioisotopes. From 1959 through 1970, regular investigations of the concentration
and isotopic composition of man-maderadionuclides in the near-water atmospheric
layer, the density of their deposition onto the sea surface, as well as the determination
of the composition and spatial distribution of radionuclides in seawater, were carried
out. Alongside the field observations, theoretical studies were conducted. For
instance, a one-dimensional model for Sr-90 was generated, which allowed us to
calculate and predict vertical concentration profiles resuiting from global fallouts.
Great attention was given to the study of the accumulation of radioisotopes by
diverse categories of hydrobiont species.

Less heed was paid to other man-made radioisotopes. Periodically,
investigations of tritium concentration were carried out. The purpose of these works
was to study the possible tritium inputs into river waters. The most thorough
investigations relating to tritium were accomplished in 1977. The data obtained
made possible the assessment of the tritium inventory in the Black Sea vs Cs-137.

Only two papers addressed theissue of C-14 concentration in the Black Sea. One
of these provides theresults of observations recorded in 1965 during the Black Sea
leg of the R/V ODISSEY cruise. Another paper, using the latter data, carried
estimates of the annual mean value of COexchange between the Black Sea waters and
the atmosphere and the amount of carbon dioxide released annually into the
atmosphere by the sea.

A new phase in the study of the technogenic radioactivity of the L.nck Sea
waters started after the Chernobyl accident. Basin-wide investigations have been
conducted on a regular basis since June 1986. A great interest in the problem of Black
Sea radioactive contamination has been displayed not only by the Soviet
oceanographers and radioecological specialists, but also by American and Turkish
scientists. The great body of information collected between 1986-1991 allows us to
reconstruct not only the spatial-ternporal structure of the radionuclide surface
concentration field but also the characteristic features of the vertical transport and



distribution of cesium-134 and cesium-137 over this period, and to determine the
basic regularities of radionuclide accumulation in bottom sediments and hydro-
bionts.

Being conservative tracers in contemporary surface waters, radioactive cesium
isotopes, along with other trace metals, may be used for quantitative modeling of
vertical mixing processes.

The authors express their gratitude to all scientific workers who participated in
investigating the problem, which constitutes the subject matter of this book.

1.2, Forms of artificial radionuclides in seawater

In addressing the radioactive contamination of the Black Sea we will restrict our
analysis to long-lived radionuclides, whose half-life equals a year or more. Amongst
the large variety of radioisotopes entering the environment after the accident at the
Chernobyl NPS, the following are of practical relevance: cesium-137, cesium-134,
cerium-144, promethium-147, ruthenium-106, and strontium-90. These nuclides
were discharged in fairly large quantities, the half-life periods being 30.13, 2.07, 0.78,
2,62, 1.02 and 29.0 years, respectively. The fallouts also contained measurable
quantities of long-lived actinides: plutonium-239, 240, plutonium-238, americium-
241, and curium-242 (Buesseler et al., 1990).

Any investigation related to the study of anthropogenic contamination of the
marine environment by radioactiveisotopes is bound to be a failure, unless the forms
of radionuclides in the chemical system studied, the conditions of the elements'
transition from one state to another, as well as the methods of determination
(ensuring reliability of the obtained data) are not first scrutinized.

Of a variety of aspects that determine the state of man-made radionuclides in
seawater, the following seem to be the most significant: chemical properties of the
element, properties of seawater as a pluri-component physico-chemical system, the
"origin" of radionuclides, the methods of their delivery, and residence time in
seawater.

In analyzing the state of radioactive products in seawater, it is firstly necessary
to determine their proportion in ionic, colloidal, and suspended fractions. Initially,
such classification for nuclear weapons test fission products was provided by
Grinda! and Basslow (Gromov et al., 1985) (Tablel.1). Obviously, the ratio between
separate fractions would vary, depending, primarily, on the form in which
radionuclides were delivered to the seawater, and the physico-chemical processes
occurring in seawater. However, there is no ground to suppose that a dynamic
equilibrium between theradionuclide fractions — irrespective of their origin —does
not become established with time. Apparently, the equilibrium establishes itself not
only between the individual forms of radionuclides but also in the radionuclide - the
element's stable isotope system.



Table 1.1
State and the form of elements in sep water
in relation to decay of the main products (Gro:nov, et al.,1985)

Decay Mean
product | Element concentration | Supposed baic state Fraction proportion
mg/1
& jonic | colloid | suspended

Cs-137 Cesium 0.0001 Cs* inthe form CsC’L | 70 7 23
Sr-90 Strontium 8.0 S, 87 3 10

SrS0,

SrCO,

Sr(HCO, ),
Ru-103 Ruthenium | Noinfor. No inform. 015 95
Ce-141, Cerium 0.0004 " 2 4 94
Ce-144 '
Zr-95 Zirconium | 0.00001 probably ZrO, 1 3 9%

Cesium and strontium radionuclides in the upper sea layer rapidly propagate
within the bounds of the seas' active mixing. Over a period of a few days,
radionuclides are diluted by seawater, as well as by natural carriers (Gromov et
al.,1975). The physico-chemical properties of radioactive and stable cesium and
strontium isotopes contribute to this process, as a result of which an almost
instantaneous equilibrium sets in between the radioactive free metals brought into
the sea and their steady counterparts which remain there (Gromov et al., 1985).
According to the generally accepted view, ionic forms of Sr and Cs correspond to
strontium and cesium residing in seawater (Vinogradov, 1967; Horn, 1972; Shvedov
et al., 1968). Sometimes, given a local oversaturation, strontium is likely to form a
suspension of Sr50, crystals. Some fraction of strontium may also exist vither in the
form of barely dissolved phosphates, or trapped by separated crystals of CaCO,. It
should be noted, however, that theabove speculations on the formation of suspended
strontium compounds are purely theoretical and have not been experimentally
proven.

As for their geochemical propertins, cesium and strontium appear to be
sufficiently dynamic in seawater. They belong to the group of elements which easily
form true solutions, and do not generate polymeric forms and barely dissolved
hydroxides within a wide range of pH values. The behavior of the radioactive
isotopes of these elements is similar.

Current scientific papers do not only report data on the concentration of stable
cesium in the Black Sea waters. However, given the uniform distribution of cesium
in the World Ocean waters and its correlation with salinity (Vinogradov, 1967;
Horn, 1972), cesium concentration in the Black Sea may be evaluated as
(1.5-2.5)10~*mg/1. Low values of cesium concentration in sea water are dictated by
the fact that it is effectively adsorbed by clayey materials on land before its entry into
seawater. Notable absorption of cesium by suspended particles and sediments in
seawater may cause local variations in concentration (Polikarpov et al., 1988). The
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A variety of forms are found in the isotopes of cerium, promethium, and
ruthenium. Steady analogues of the nuclides discussed above are typical micro-
elements, whose concentration in seawater does not exceed 10~°mg/1. In agreement
with their chemical properties, all of them are readily hydrolized in seawater, thereby
producing their own colloidal particles which are not exposed to sedimentation. In
addition, they exhibit a high sorbing capability on suspended matter (K, = 10*-10°
cm?®/g) and the ability to be accumulated by hydrobionts. Addressing the issue of the
specific state of radionuclides belonging to the group considered, it must be
suggested that they very rarely exist in the truly-ionic form. Up to 60-80% of
cerium-144 and promethium-147 is observed in the suspended fraction composed of
the colloidal particles of neutral and charged hydrolized forms of the Mn(OH)_ or
MnO,(OH)_ type, and the phosphate- and silicate-ion compounds (Gromov et al.,
1975). An essential part of the suspended fraction is represented by microplankton
and their radionuclide-loaded remnants, as well as the inorganic suspended matter
and sorbed nuclides.



Table 1.2
The physico-chemical state of plutonium in sea waier (Gromoyv, ef al.,1985)

Experimental conditions Portion in the fraction,%
Site of experiment (filtration through
ultrafilters) Dissolved Reference
Suspended
jonic |colloid
The Atlantic Ocean 045 um >70% Zot:in, 1973
North Atlantic 0.45 pm ~70 Melson and
Lovett, 1978
Atlantic and 1.2;0.22 pm 1-15 Piocezding,
Pacific Ocean ’ 1966
The Irelard Sea 1.2;0.22 pm >759 <10-80 Transuranic,
1980
The Pacific Ocean Filtration through 55£7 Silker, 1974
(surface waters) aluminium oxide
(aluminia)
>0.45 pm 70 Silker, 1974
Atoll Bicini >0.45 ym 15-70 40 Transuranic,
0.3 pym 40-98 129 2-60 1980
Atoll Anivectoc 1pum 85 15-20 Proceeding,
1981
Western of the 0.45 pm 2.5(Pu-238) |Transuranic,
Mediterranean and 3.8(Pu-239, (1980
Tirrenean Seas Pu-240)
The Bay of Bombay In the absence 86 Radioactivi-
of org.subst. (OS) ty, 1971
0.22 um
in the presence of OS 30
0.22 uym
Model experiments 2um 86-94 Gromov
with seawater under (cellophane) Spitsyn,1975
laboratory and field 0.1-0.5 um 1143 Zlobin, 1973
conditions 0.1-1.2 pmr 84-92 Actinides,
(with Pu(iV)}){1976
0.1-1.2 pm 3441
(with Pu(VID))

a) Proportion in the dissolved fraction without indicating the number of ionic and colloidforms (i.e.

ionic + colloid);
b) Mean value.




The ultracentrifugation technique was applied to determine the size of colloidal
particles in seawater. For cerium-144, they were within 0.44-0.45 pm (Forms, 1974).
Thesedimensions correspond to the formation of particles of both the proper colloids
(hydroxides, phosphates) and the sorbed colloids. A certain concentration of cerium
is present in seawater in the truly-dissolved form, probably in the form of cerium (III)
compounds (Forms, 1974; Proceeding, 1973). Taking into account the chemical
properties of ruthenium and the complexity of seawater composition, it is difficult
to suppose that ruthenium-106 has simple ionic forms. Most likely, ruthenium is in
the form of diverse multi-core complexions with both inorganic and organicligands.
The formation of hydroxidecolloids of the RuO(OH),- type, ruthenates, and their
polymeric forms is possible (Gromov et al.,1985). Evidence on the forms of ruthenium
radionuclides in seawater is not available.

The behavior of transuranium nuclides in seawater is rather complicated. The
view of most of the investigators is that plutonium and other actinides present in
seawater in water-soluble forms, remain in the form of simple and complex ions
capable of participating in various physico-chemical and biogeochemical processes
(Fig.1.1) (Wong et al.,1972; Proceeding, 1976; 1981; Actinides, 1976).

The form of these elements in seawater is often impossible to determine
experimentally, because of their very low concentrations. Therefore, approximate
estimates based on calculations, different extrapolations, approximations, and
indirect data, are used. In the opinion of the authors of the work (Proceeding, 1981),
of all possible degrees of plutonium oxidation by oxigenated seawater, the most
stable are Pu(IV) and Pu(VI). In (Gromov et al., 1985), the authors submit a detailed
review of data on plutonium state in seawater, which indicates that hydrolysis in
seawater leads to the formation of Pu(OH), and to polymerization products sorbing
on suspensions and, as a result, to the uptake of these forms by bottom sediments.
Under marine environment conditions, at pH>8, an equilibrium of hydrolysis and
disproportion shifts towards the prevalent form PuO,(OH),. Table 1.2 lists
summarized dataon the state of plutoniumin seawater. Itis obvious that the physico-
chemical state of plutonium and other actinides in Black Sea waters where the anoxic
zone exists along with the surface oxigenated layer, should make a more complicated
system. However, there is noinformation on the behavior and physico-chemical state
of plutonium in H,S waters.



PARTII

RADIOACTIVE NUCLIDES FROM GLOBAL FALLOUTS

2.1. Radionuclides in the Black Sea surface waters

The unique features of the Black Sea are its physical characteristics, location and
water balance. The most important feature is the existence of an oxigenated surface
layer of low salinity, overlying the more saline anoxic deep water mass which
constitutes about 90 % of the volume of the Black Sea (Deuser, 1976). The topmost
layer is formed by river run-offs, the bulk of which is received by the north-western
Black Sea. The surface circulation is composed of two cyclonic gyres in the eastern
and western Black Sea. Surface current velocities are rather high (from tens to
100 cm/s) (Tolmasin, 1985; Aibulatov, 1987). The only outflow of surface waters with
salinity of the order of 18 parts per mille occurs in the shallow Bosporus Strait. This
outflow overrides an undercurrent of Mediterranean-derived waters with salinity of
about 35 parts per thousand. This undercurrent provides the principal ventilation
mechanism for a slow renewal of the Black Sea deep waters.

The river discharge into the sea amounts to 340 km3/year, which is equivalent
to the volume of an 88 cm-thick layer covering the entire basin. The contribution from
the rivers in the north-western section of the basin (Danube, Dnieper, Dniester, and
Juzhny Bug) accounts for 80 % of the total riverine outflow (Bruevich, 1960;
Hydrologic, 1961).

In 1959, systematic studies were started in the Black Sea on radionuclide
concentration and isotope composition in the nearsurface atmosphere. The density of
their deposition onto the sea surface, as well as the determination of radionuclide
content and spatial distribution in seawater was also studied. From the observations
carried out in the Crimea (Cape Kikineiz) and cruise data obtained, the overall
atmospheric fallouts onto the Black Sea surface were determined, listed in Table 2.1
(Belyaev et al., 1966; Boguslavskaya et al., 1972; Krey et al., 1969).

The contribution of strontium-90 to the total activity depends on the nature of
nuclear explosions and the time period following each of them. This ranged from
0.025 to 0.35% (Belyaev et al., 1969; Baranov et al., 1965; Malakhov et al., 1965).

The data (Belyaev et al., 1966; Kotel'nikov et al., 1965) compiled between 1953
and 1959 confirm a gentle reduction of radioactive products accumulated in the
atmosphere as a result of nuclear tests. This brought about a decrease in the density
of radionuclide deposition onto the Black Sea surface. However, in February 1960
conditions in the basin were upset owing to the input of new radionuclides from
the nuclear test in the Sahara on 13 February 1960. In the second half of February
1960, the daily mean density of nuclear depositions was about 24 mCi/km?, which
was 30-150 times larger than in the preceding six months. In March 1960, theintensity
of radioactive fallout dropped to the pre-test level (Belyaev ¢t al., 1963).



Recommencement of nuclear tests in 1961 greatly contributed to the radioactive
fallout in the Black Sea basin which reached peak values of 660 mCi/km? in January
of 1962. Only the signing of the Moscow Treaty on Partial Banning of Nuclear Tests
(August, 1963) halted the approach of a radioecological disaster.

The total activity of fallout decay products on the Black Sea surface in 1960-1977
amounted to 2.5 MCi, with Sr-90 being 0.0175 MCi. Considering that the Cs-137/Sr-
90ratioin the global nuclear weapon test fallout equalled 2, the amount of Cs-137 that
arrived on the sea surface with atmospheric fallouts is estimated to be of the order of
0.035 MCi (Belyaev et al., 1966).

Table 2.1
Radioactive fallouts onto the Black Sea surface in 1960-1973
Fallout density, mCi/km? Fallout Sr-90
on the Black Sea
Years The sum of the Strontium-90 surface, C! (a)
decay products

1960 424.3 1.5 615
1961 9184 19 772
1962 2540 6.3 2607
1963 1430 10.8 4493
1964 340 8.1 3353
1965 135 44 1620
1966 70.1 2.1 890
1967 45 0.8 366
1968 22.8 1.2 524
1969 28.1 1.3 537
1970 81.0 14 615
1971 25.2 11 563
1972 28.8 1.1 563
1973 18.0 09 520

Nota: (a) = the data are given taking into consideration the radioactive decay as for 1973

The radioactive fallout products delivered to the Black Sea with riverine waters
and as a result of water exchange with other seas, represent one of the major
components of the Black Sea radioactivity balance. The Danube river running across
8 industrially-developed countries is the largest river flowing into the Black Sea. The
maximum input of strontium-90 with the Danube waters was registered in 1964 and
reached 1000 Ci/year. The data (Polikarpov, et al., 1967) compiled during the spring
of 1966 and 1967 in the Danube delta headwater show that the peak values of
strontium-90 concentration reached 65-88 Bq/m?, gradually decreasing from the
estuary to the open sea. At a distance of 50 miles off shore, strontium radionuclide
concentration decreased to 32 Bq/m?® According to the measurements conducted in
1973 by scientific workers of MHI, Ukrainian Academy of Sciences, on board R/V
AKADEMIK VERNADSKY in the area adjacent to the Danube estuary, 15 miles off



Table 2.2
Strontium-90 inventory in the Black Sea
(Chudinovskih and Eremeev, 1990)

Source of Influx of strontium-90, Ci/year
strontium-90

1960 1963 1967 1970 1973
Radioactive fallouts +970 +4500 +750 +615 +520
River input +90 +590 +640 1620 +744
Influx from Sea of Azov +60 +110 +200 +705 +75.2
Influx from Sea of Marmora -300 +350 +70 +78.7 +33.7
Outflow from the -120 -270 -380 -267.2 -150.8
Black Sea into the Seas
of Marmora and Sea of
Azov
Total balance +1300 +5300 +1280 {+13634 +1373

the coast, strontium-90 concentration was 13 Bq/m?®. Taking into account the mean
annual discharge and strontium-90 concentration in the waters of the Danube, it
was found that about 2000 Ci had entered the Black Sea from 1960 through 1968
(Polikarpov et al., 1967; Belyaev et al., 1966). As the data presented at the Conference
of MAGATE research groups indicate (The problems, 1974), the amount of
radioactive waste dumped into the Danube had dramatically increased in
connection with the intensive construction of various nuclear facilities.

Until 1968, amongst the rivers flowing into the Black Sea, the Dnieper was
second in terms of the volume of radioactive products brought with its water into the
basin. The amount of strontium influx with the Dnieper waters in 1964 reached 200
Ci. The contributions of strontium-90 from various sources to the total sea balance
are listed in Table 2.2. It is seen that until 1963, atmospheric fallouts were mainly
responsible for the radioactive contamination of the Black Sea.

After the intensive nuclear weapon tests had been halted, however, the amount
of atmospheric fallouts decreased, whereas the fluvial influx of strontium-90 was
steadily increasing. A tendency to further rapid increase of strontium-90 input by
rivers was observed. The same holds true for the cesiurn-137 radioisotope.

Investigations of the Black Sea radioactive contamination were conducted until
the mid 1970's. According to the data obtained in 1977 (Vakulovsky et al., 1980), the
distribution of cesium-137 radionuclides in Black Sea surface waters was fairly
uniform. Mean concentrations were about 17 Bq/m?.
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Fig.2.1, Average values of Cs-137 concentration in the surface waters of the Black Sea in 1959-1977
and after the Chernobyl power accident (1986-1991).

Figure 2.1 presents average Cs-137 concentrations in surface waters of the Black
Sea as a result of the global fallouts in 1959-1977, as well as the average Cs-137
concentrations documented following the Chernobyl reactor accident. The following
consideration must be taken into account. Before the Chernobyl accident, the Cs-134
concentration in Black Sea waters was virtually zero, whilst in June 1986, the Cs-134/
Cs-137 ratio in the surface waters was of the order of 0.53 £ 0.03 (Buesseler, 1987).

2.2. Strontium-90 in Black Sea waters during the period
of nuclear tests and moratorium

Regular studies of Black Sea radioactive contamination were started in 1959
(Shvedov et al., 1964). Initially, strontium-90 concentration in the surface layer was
determined in the vicinity of Cape Kikineiz. This place was chosen for strontium-90
concentration measurement because the Crimean peninsula is located quite far from
the sites of major river inputs affecting strontium-90 distribution in surface waters.

In September 1960, radioactive contamination of the northern area of the Black
Sea was studied (Shvedovetal., 1964). In October 1960, (Cruise9 of theR/V MIKHAIL
LOMONOSOV) a similar study was carried out in the open sea, including the
Bosporus area (The radioactive contamination, 1962).

In this cruise, for the first time, water samples were recovered from depth. In
October 1960, strontium-90 concentration in the open Black Sea surface layer
equalled, on average, 7.3-7.7 Bq/m® With depth, strontium-90 concentration
decreased. However, in the near-bottom layer off the Bosporus its concentration ata
depth of 100 m was 6.7 Bq/m?. This growth seems to have been brought about by the
presence of the Sea of Marmara surface waters, which upon leaving the Bosporus
rapidly downwell towards the bottom and penetrate into the Black Sea without
being greatly diluted. In 1961-1962, powerful nuclear weapons were tested. As a
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result, alargeamountof radioactive fallout products were deposited onto the ground
and Black Sea surface.

In August-September 1964 (Cruise 16 of the R/V MIKHAIL LOMONOSOV),
radioactive contamination of the Black Sea was studied in the areas of the Caucasian,
Crimean and Anatolian currents, as well as in the central and near-Bosporus areas
(Belyaev et al., 1966). Strontium-90 concentration in the surface water layer,
depending on the area, was 24-33 Bq/m? being much greater than in 1960.
Obviously, this was caused by intensive atmespheric fallouts and transport by rivers
of the man-made radioactive nuclides resultant from the nuclear tests in 1961-1962.

Investigation of Black Sea radioactivity conducted in 1965-1969 proved that,
depending on the area, Sr-90 concentration in the upper layer ranged from 15.8 - 51.5
Bq/m?®, being, on average, 25 Bq/m® and decreasing with depth (Sokolova, 1971;
Timoshuk, 1970). '

During the summer of 1972 and autumn of 1973 (Cruises 6 and 8 of the R/V
AKADEMIK VERNADSKY), the investigations of radioactivity were continued
(Barannik et al., 1974). Over a short period of time, strontium-90 concentration was
measured over a vast area of the Black Sea. The data derived have shown that
strontium-90 concentration decreased from 20 (summer of 1972) to 12.7 Bq/m?
(autumn of 1973). This may be explained, not only by the general decrease in the
intensity of atmospheric radioactive fallout onto the sea surface, but also by different
hydrologic conditions. Strontium-90 concentration in 1972 was measured in the
summer when marked stratification of water masses with a slight vertical mixing was
observed; whereas in 1973, strontium-90 concentration was measured in November,
when the water masses are being intensively vertically mixed leading to a reduction
of passive admixture content in the surface layer.

2.3. Model for formation of the strontium-90 concentration field
from global source depositions

Initially, therate of strontium-90 propagation from surface to deep waters of the
Black Sea was determined by Belyaev et al. (1966). The calculations showed that it
takes less than 10 years for strontium-90 to reach the bottom.

Batrakov et al. have considered the following problem (Bogyslavsky et al., 1980).
Propagation of the radioactive isotope (strontium-90) flux through turbulent
diffusion and advective transfer was described by the equation

€, 9C_ 9 aCY _
31—+w'57_5(Kzaz) Ac

The initial and boundary conditions were chosen in the form

Kz%g im0 -Q(; C@1),,,=0; C20)=0
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where C is radionuclide concentration; w is the vertical component of the mean
current velocity; K, is the vertical turbulent diffusion coefficient; 4 is thé decay
constant; and Q is strontiurn-90 flux through 1 cm? of the sea surface per 1 sec. For this
equation to be resolved, it is necessary to define Q(t), K, , and w.

Several approaches tothe calculation of global strontium-90 flux exist (Davidson
etal., 1969; Karol, 1965; Krey, Krayewski, 1969; Krey, Krayewski, 1970; Osterberget al.,
1963). To calculate the global flux, a model proposed by Nelepo (1970) was applied.
The calculation was performed through 1971. For the period from 1971-1978, the flux
was assumed constant and equalled the average value for 1967-1971. With the global
flux known, by introducing an appropriate correction to the latitudinal effect, the
strontium-90 flux density was determined as a function of time for the Black Sea.

In (Belyaev et al., 1966; Gedeonov et al., 1966) it is shown that, besides the
atmospheric fallouts, a considerable contribution to Black Sea radioactivity comes
fromriver inputs (Danube, Dnieper, Dniester, etc.) and from the seas (the Sea of Azov
and the Sea of Marmara), which account, on average, for 16% of the total
strontium-90 deposition onto the sea surface. In the absence of tests, the relative
contribution of strontium-90 from rivers increased by up to 36%. Such estimates were
made by Gedeonov et al., (1966) through 1964. As the horizontal turbulent diffusion
coefficients and lateral transport velocities were much larger than the vertical
turbulent diffusion coefficients and vertical transport velocities, it was assumed that
isotopes delivered with rivers, first propagate laterally over the sea surface and then
are entrained by vertical mixing.

Table 2.3
Basic parameters used for mapping of strontium-90
distribution in the Black Sea

Parameters ? o o a B ?,
Periods

1960-1964 84 4284 65 0.0445 0.0157 90
1965-1973 169 /8100 90 0.0265 0.0105 166

Thus, ignoring the isotope input from the Sea of Marmara and the Sea of Azov,
Q(t) was prescribed as follows : Q(t) = g(t) + g,(t), where g(t) is the component
controlled by global fallouts; g,(t) is the component controlled by the river discharge.

Before 1964, the g, () component was estimated using the paper mentioned
above (Gedeonov et al., 1966). After 1964, no data were published on strontium-90
equilibrium components in the Black Sea. It was assumed that for 1965-1978, g(t) =
q,(t). The turbulent diffusion coefficients and the vertical transport velocity were
taken from (Belyaev et al., 1966). The time frame was one year, and discretness over
depth was 100 m. Figure 2.2 shows the curves for the deep-water distribution of
strontium-90 in the Black Sea in 1956 — 1978. To validate the computations,
experimental data obtained during Cruise 16 of the R/V MIKHAIL LOMONOSOV
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were used. Figure 2.3 provides the calculated (end of 1964) and averaged
experimental curves which agree well, particularly, at depths greater than 100 m.

The proposed model for radioactivity field formation may be used to calculate
and predict strontium-90 and cesium isotope concentrations in the Black Sea.

2.4, Objective analysis of the strontium-90 surface concentration field

Spatial distribution of radioactivity is of a great interest. It may be given as a
map related to a certain moment in time or the characteristic stage of some physical
process. Construction of such a map from the discrete spatial-temporal sampling of
concentration values is a fairly tough task. Therefore it seems worthwhile to apply

the objective analysis techniques.

Oceanographic observations conducted concurrently by several ships do not
have the properties necessary for rigourous application of objective analysis
techniques. Therefore, the computations are largely reminiscent of numerical
experiments (Andrushchenkoet al., 1969; Belyaev, 1973; Belyaev et al., 1969a; Belyaev
et al., 1969b; Belyaev et al., 1974; Gandin, 1963).

For analysis of the spatial distribution and temporal variability of the
radioactive field in the Black Sea, the authors (Bogyslavsky et al., 1980) have used the
data compiled at 122 hydrological stations. In the regions with few measurements,
interpolation of the radioactive field using determinated ratios cannot yield
satisfactory results. In these cases, the probability methods prove to be more effective
for map construction. These are based on the use of the additional information
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contained in the elements of the field's statistical structure. Hence, the values of
strontium-90 concentration in seawater were considered as a discrete sampling from
the realization of a random field of the x-, y- spatial coordinates. The radioactivity
field was assumed to be homogeneous, isotropic and ergodic. The mean value of the
field, in the first approximation, was calculated by the formula

L &
P=nN > #;
i=1 (2.1)

Deviation of the concentration values from the respective mean values was
adopted as a random field. The normalized spatial correlation function was derived
for the quantity _

p=p-p ~

b

1 ’ ’
b =gy oz X PP
L Lj=1

(2.2)
where Ny is the number of products ¢’, ¢’;of the field values at the stations, the
spacing between them being [ p,, p,+Ap]; afk is the dispersion corresponding to
I,-thsampling of its values.

The autocorrelation function of strontium-90 concentration, as recovered from
the total sampled data, is presented in Figure 2.4.

Slight deviations of the values of p,(p) in both directions from the approximation
curve are explained by the insufficient number of samples. With this method being
applied, the values of the strontium-90 distribution field turn out to have a lirear
combination of the values measured.

n
?o= 2 Fi¥
i=

n
whose coefficients are determined from the condition 4y, = 3 P;u;;, where i, are
=1

the normalized coefficients of correlation between the field points having indices i
and j.

The minimum root-mean-square error of field reconstruction (E)'/2 corresponds
to the optimum choice of the weights P

(EYVi=(ed?)?;e=1 -ﬁ:yo‘.P’.

i=m1

A setof equations (2.2) was solved by Holetsky's method (Kopchonov, Maron, 1972).
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In using the method of optimum interpolation for radioactivity field
reconstriction at the joints of a regular grid, the correlation function proves to be the
main element, characteristic of the field's statistic properties. The main source of
errors in determining the correlation function is the data volume and the errors
derived in the course of approximating discrete ordinates by a solid curve.

The values of the principal parameters applied in mapping strontium-90
distribution over the Black Sea surface (rms deviation o, dispersion ¢, coefficients
aand B the mean reconstructed concentration values ¢, are listed in Table 2.3.

It is seen from Table 2.3 that mean strontium-90 concentrations obtained from
the real measurements (¢ ) exhibit similarities with the mean values of strontium-
90 concentration obtained at the grid joints.

The influx of radioactive products into the sea is a constant process. Hence, the
map construction for the concentration and spatial distribution of the man-made
radioactivity field is related to charac-
teristic periods: (i) 1960-1964, when, as a

M(P) result of nuclear weapon tests, the fall-
out of fragmentary radioactive fission
1.0t products onto the earth's surface was

intensive; and (ii) the period of 1965-
1973, characterized by the general drop
of intensity and a relatively uniform
deposition of radioactive fission
products onto the earth's surface,

0.5¢

- following a partial termination of

100 — 00 km  huclear tests after signing of the
L3 P Moscow Treaty in 1963.

Fig.24, The autocorrelation function of Sr-90 Figure 2.5 shows distribution of

concentrations. strontium-90 in the Black Sea surface

layer in 1960-1964. The general pattern of Sr-90 distribution in the Black Sea by late
1964 was characterized by theirregularity of its distribution over the sea surface. The
lowest concentrations of strontium-90 were observed in the northern Black Sea(4.2-
5 Bq/m?®), with a gradual increase southward, and the highest values (21.7 - 26.7 Bq/
m? ) were observed in the south-western section of the basin in the water transpor-
ted by the Anatolian Current. The lower strontium-90 concentration in the northern
Black Sea indicates that radioactive contamination of the Black Sea waters in 1960-
1964 was largely conditioned by the radioactive fallout from the atmosphere and,
to lesser extent, by the river discharge. Moreover, the inflow of low radioactivity
river waters to the sea led to the decrease of the general activity in the adjacent sea
areas. This is characteristic of the northern Black Sea during this time period.

A map of radioactive strontium-90 spatial distribution in the Black Sea surface
layer was constructed (Fig. 2.6) using measurements carried out in 1965-1973.
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Fig. 2.6. Sr-90 distribution (Bq/m? in the Black Sea surface waters in 1965-1973.

The concentration and spatial distribution of strontium-90 in the Black Sea
surface layer in the early 1970s underwent certain modifications. The strontium-90
concentration increased 4-5 times, being 41.7-46.7 in the north-western Black Sea, 45-
60 near the Kerch Strait, and in the south-eastern area of the basin (estuary of the
Chorokh river) it attained 33.3-41.7 Bq/m>. Hence, an increase in the proportion of
radioactive fission products to the total balance of the Black Sea radioactive
contamination can be noted.
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2.5. The field of strontium-90 concentration in the eastern Sivash waters

In view of the intensive exploitation of Sivash salt resources, it is necessary to
study thoroughly the brine composition and behavior of the basic elements during
their concentration in this unique basin. The study of man-made radioactive isotopes
in Sivash waters is also of interest, as the shallowness of this World Ocean region
and an intense evaporation result in strong concentrations of strontium-90. In 1972,
Barannik et al., (1974) found that strontium-90 concentration in the eastern Sivash
lay in the range of 295475 Bq/m?®. It was markedly larger than in the adjoining
areas of the Sea of Azov. Such an increase is associated with the specific hydrologic
conditions of Sivash.

As a sequel to the studies of the eastern Sivash (Barannik et al., 1974; Ivanova,
1967) investigations of strontium-90's behavior were resumed in August 1974.

Choosing of the sites for sampling was based on the principle of covering the
raximum area of the eastern Sivash waters (Fig.2.7). Eighteen samples were taken.
‘This gave an opportunity to derive detailed information on man-made radio-
activity of the eastern Sivash waters. At the same sites, salinity was sampled
(Fig.2.8).

The measurements revealed the markedly lower salt content in Sivash waters
compared to the previous years (Semenov, 1964). This was associated with the
dilution of Sivash brine by the refuse pulp of the North Crimea channel. The
northern section of the eastern Sivash is characterized by the values of sirontium-90
concentration which are 1.5-2 times larger than those in the Sea of Azov (Barannik
et al., 1974). Salinity in this region exceeds that of the Sea of Azov 1.5 times. In
transition from the northern section of the basin to the centre, strontium-90 and salt
concentration drastically increases, moderate variations then occur towards the
south.

Sr-90, Bg/m’

Fig. 2.7. The patiern of sampling locations in the Fig, 2.8, Distribution of Sr-90 (A) and salinity
eastern Sivash waters. (?)in the eastern Sivash vsaters(L isthedistance
from the Tonkiy Strait).
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The values for the middle and southern areas can be assumed characteristic of
the eastern Sivash waters. The northern area is subjected to the strong influence cf
the Azov waters. The analysis of the historical data on water and salt exchange
through the Tonky strait (Zherebtsova and Volkova, 1967) has shown that, on
average, the annual inflow of the Azov waters into the Sivash is predominant. This
implies an intense evaporation in the Sivash. However, the resultant flux is
subjected to considerable variations induced by transient upwelling-downwelling
events. In the case of downwelling from the Sivash into the Sea of Azov, the salinity
of incoming Sivash waters is 1.5 times greater than that of the Sea of Azov.

Aside from the qualitative similarity in the distribution of strontium-90 and
salinity in the Sivash brine, the data obtained also reveal some differences between
them. Firstly, the natures of the strontium-90 concentration and salinity of the waters
in the middle and southern areas differ slightly. While salinity slowly increases from
65 to 80 %, -strontium-90 concentration, remaining nearly constant in the middle
section, decreases slightly in transition to the southern area. This may be accounted
for by the settling of strontium with carbonates, which start sedimentation at 75 %
salinity (Barannik et al., 1976). Values exceeding 75 % are observed in the transitional
area between the middle and southern sections, as well as in the southern basin. It is
also in this area that the highest concentration of stable strontium in bottom
sediments was found (Barannik et al., 1974). It is shown by the data obtained (Fig. 2.8)
that salinity of the Sivash brineis approximately 7 times higher than that of the waters
of the Sea of Azov, i.e, evaporation must be expected to generate an equivalent
concentration of strontium-90. However, the observations reveal a 10-fold
discrepancy (Barannik et al.,1974). The ratio of strontium-90 concentration in the
northern Sivash waters and in the Sea of Azov has been mentioned above. This is also
larger than the ratio of salinities, apparently resulting from the effect of the "thin
layer". Assuming the densities of atmospheric fallouts into the Sivash and the Sea of
Azov to be identical, the ratio of the two concentrations in these basins, will be
equivalent to theratio in the middle depths, i.e., it willbe roughly 6. However, given
strontium-90 influx into Sivash bottom sediments and with the input by riverine
waters to the Sea of Azov, the relative contribution of this effect to the total
strontium-90 concentration ratio in the Sivash and the Sea of Azov may not be great.
It is seen from the data that the surface evaporation effect plays a major role here.

2.6. . Strontium-90, cesium-137 and tritium in the waters of the Danube and
Dnieper rivers and in the adjacent Black Sea area in 1974-1976

In 1974, the Khlopin Radium Institute started research on the distribution of
long-lived radionuclides in the lower part of the Danube river and in the adjacent
Black Sea area. Since 1975, these works were carried out in collaboration with the
Marine Hydrophysical Institute, the Academy of Sciences of Ukraine.
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The studies show that strontium-90 concentration in the lower Danube waters
in 1974 was 18 Bq/m?, which exceeded concentration in the Black Sea. In 1975, a
decrease of strontium-90 concentration to 13 Bq/m?® was registered. Typically, the
ratio Cs-137 to Sr-90 in river waters equalled fractions of a unit, the values of cesium-
137 concentration of ten being smaller than 3 Bq/m?.

In 1975, strontium-90 concentration in the Dnieper estuary turned out to be
twice as great as that in the Danube river. Comparison of the drainage basins and the
rates of flow in the Danube and Dnieper rivers showed that this phenomenon might
be explained by the difference in the hydrologic conditions of the rivers.

The most complete investigations of the Danube waters, the Dnieper estuary
and the adjacent Black Sea were implemented from May 2?2 to June 9 1976, by the R/
V MUKSUN. The water was sampled at 23 stations (Fig.2.9). The area studied was
divided into two sections: 1) the Danube river, the Prut river (esttiary), and the
adjacent Black Sea; and 2) the Dnieper river (estuary) and the Dnieper estuarine lakes
together with the adjacent Black Sea area.

The results of the determination of Sr-90 and Cs-137 concentration are listed in
Table 2.4. Interpretation of the data showed that strontium-90 concentration in the
lower part of the Danube river in May-June 1976 varied between 10-13 Bq/m® and
was, on average, 11 Bq/m3. Cesium-137 concentration, in most cases, was less than
3 Bq/m? :

Experiments involving water filtration confirmed the results obtained in 1975.
The determination of strontium-90 concentration in filtered water samples and in
simultaneously-retrieved samples containing suspended matter, yielded identical
results, whence follows that in the lower Danube waters containing large quantities
of particulates, nearly all the strontium-90 occurs in the water phase. Cesium-137
distribution was not determined because of its low concentration.

Strontium-90 concentration in the Prut river estuary was 16 Bq/m? which was
equivalent to the value obtained in 1975. Strontium-90 concentration varied from
16 Bq/m?® (at point N 17 ntearest to the Danube estuary) to 22 Bq/m?® furthest away
from the estuary. The average strontium-90 concentration in the Black Sea area
investigated equalled 20 Bq/m?.

Figure 2.10 shows schematically the distribution of strontium-90 and cesium-
137 in the Danube and Black Sea waters. Comparison of strontium-90 concentration
in the Danube and Black Sea indicated that Danube waters contained lesser quantities
of the radionuclide than Black Sea waters. Hence, they do not enrich (as observed in
1974) but, conversely; dilute more active seawater. The most spectacular
phenomenen appears to be cesium-137 distribution: Danube waters markedly
reduce the cesium-137 concentration in the sea. Even at a distance of 29 km from the
estuary, cesium-137 concentration is about twice as small as its concentration at more
remotesites. Thisimplies thatradioactive nuclides occurin the Danube waters largely
owing to their removal from soil. As has been noted above, this process upsets the
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Fig.2.9. Location of samplingsitesin the Danube river (Soviet section), the Dnieperriver (mouth), and
the adjacent part of the Black Sea in 1976.
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Fig.2.10. Sr-90 and Cs-137 distribution in Danube and Black Sea waters ( ece Fig. 2.9).

ratio between the globally deposited radionuclides: strontium-90 is more intensively
removed from soil than cesium-137. As a result, the ratio of Cs-137 to Sr-90 in river
waters is normally fractions of a unit and in the global nuclear weapon test
depositions, it is greater than 1.7. This accounts for the low cesium-137 concentration
in the near-estuarine sea areas.

Table 2.5 lists the averaged data on radionuclide determinations at different
sections of the Danube river during 1974-1975 and the data acquired for the 'Soviet'
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Table 24

Stronium-90 and cesium-137 concentration in the Danube waters and In the adjacent Black Sea in 1976

Sample Site of sampling Coordinates Date Concentration Bq/m?
N° - Ratio
Cs-137 Sr-90 Cs-137 to 5r-90
1 The Black Sea 46°155' N 31°25.2' E 220576 2313 2333 -
2 The Black Sea 46°19.5' N arn E 23.0576 - 2313 -
3 The Black Sea 467284' N 30°55° E 2.0576 - 2313 -
4 The Dnleper 24.0576 3 30%5 -
(the Kherson region)
5 The Dnleper river (estuary) | 46°332' N 32°185' E 26.05.76 3 2835 -
6 The Black Sea 4636 N 31380 E 26.65.76 - 2815 -
(The Dnieper estuary)
7 The Black Sea 45°34¢ N 30°500 E 27.05.76 - 1813 -
8 The Black Sea 46°408' N 31°56' E 26.05.76 - 2815 -
(Dnieper estuary)
9 The Black Sea 45307 N 30°14' E 27.05.76 1343 2013 0.6
10 The Danube (Vilkovo) 20km 27.05.76 3 1312 -
1n The Danube (Izmail) 100 km 30.05.76 3 1212 -
i1F " " 30.05.76 3 1212 -
12 The Danube (Patldganka) 116.5km 31.25.76 3 1212 -
12F " " 31.05.76 3 1212 -
13 The Danubde (Reni) 166 km 02.05.76 3 1022 -
13F " " 02.05.76 3 1012 -
14 The Danube (Kiliya) 46km 03.06.76 3 1213 -
15 The Prut river estuary) 03.06.76 3 1613 -
16 The Danube (estuary of 6km 05.06.76 3 1212 03
the Kilian mouth)
17 The Black Sea 4529 N 29°56' E 05.06.76 1012 16%3 0.6
18 The Black Sea 44°46' N 3000 E 06.06.76 2013 1843 11
19 The Black Sea 45°23'N 31°06' E 06.06.76 1613 243 08
20 The Black Sea HH4'N 30730 E 06.06.76 1543 2043 08
21 The Black Sea 4°02N 2923' E 07.06.76 1813 2013 09
2 The Black Sea 4°15N 30°50" E 07.06.76 153 2313 07
23 The Black Sea 4337 N 30°31' E 08.06.76 203 203 1.0
Table 25
Averaged concentrations of strontium-90, ceslum-137 (picocurie/l) and triium ( T.U))
in the Danube waters (within the countries' borders)
Country Czechoslovakia Hungary Bulgaria Rumania USSR
Isotope 5r-90 |Cs-1371 T Sr90| Cs-137] T S5r-90 | Cs-137 Sr-90} Cs-137 Sr90 [ Cs137 | T
1974 038 042 | 18 | 12 13 153 - 1.0 - - 0.50 025 -
1975 180 | 17 | 19 121 - - 034 023 | 165
0.5-0.6 (0506 0.1-04 | 0126
1976 . - - . . - - - - - 032 | o1 |-
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area of the Danube in 1976. In the observations covering three years, the 1976 data
display the lowest concentrations of strontium-90 and, particularly, cesium-137.
There is no reason to assume a future increase of these radionuclides through their
removal from soil in the area of the Danube drainage basin. Therefore, the cases of
radionuclide concentration rising in the Danube estuary must be regarded as a
product of nuclide contamination by some additional source, for example,
radioactive depositions in 1977 resulting from two nuclear bomb tests conducted in
China in 1976.

In comparing the dynamics of strontium-90 and cesium-137 concentrations, one
should bear in mind the differences in the Danube's hydrologic regime at that time.
1975 was the year of high flood in the Danube. This, probably, accounts for the drop
in the strontium-90 and cesium-137 concentration in that year. In terms of the rate of
flow during May-June, 1976 occupies an intermediate position between 1974 and
1975 for the same season of the year. Hence, the drop in strontium-90 and cesium-
137 concentrations in 1976 was not a result of dilution. For comparison, Table 2.6
gives estimates of Sr-90 and Cs-137 fluxes in May-June 1974-1975.

Thus, comparison between the radionuclide concentrations and the rates of
flow shows that the rate of delivery of the nuclides at issue was highest in 1975. In
1976, a pronounced drop in the inputs of both Sr-90 and Cs-137 was observed.

Assuming that similar (e.g. May-June ) concentrations occurred in other
periods of the year, an approximate estimate of radionuclide influx will be as
follows:

1974 (Reni, the annual outflow - 223 km?)
strontium-90 - 111 Ci/year, cesium-137 - 55 Ci/ year;

1975 (Reni, the annual outflow - 242 km?)
strontium-90 - 83 Ci/year, cesium-137 - 56 Ci/ year;

1976 (Reni, the annual outflow on average for 1974-1976 -230 km®)
strontium-90 - 74 Ci/year, cesium-137 - 23 Ci/ year.

The estimates derived point to the gradual decrease of strontium-90 influx
from 1974 to 1976 and a considerable decrease of cesium-137 influx in 1976. The
decrease in Sr-90 and Cs-137 deliveries by the Danube river is consistent with the
decrease of global radioactive fallouts in recent years and, as has been indicated
above, with the course of radionuclide removal from soil. This supports the theory
of a predominently global source of contamination for the Danube.

The values of concentration and inputs of Sr-90 and Cs-137 measured were
smallest in 1976, making it possible to use these values as a reference in further
comparisons.

Sr-90 concentration at the Dnieper mouth was 28 - 30 Bq/m?®, and that of cesium-
137 was less 3 Bq/m?3, Similar concentrations were observed in the Dnieper estuarine
area. Away from the Dnieper estuary, strontium-90 concentrations in the sea



Table 2.6
Fluxes of strontium-90 dnd cesium-137 in the lower part
of the Danube in May-June,1974-1976

Year Rate of flow Concentration, i Flux,
consumption, pCi/m’ 106 Ci/sec.
“(Reni), m? /sec.| -
Sr-90 Cs-137 Sr-90 Cs-137

1974 7085 500 250 3.54 1.72
(May-

June) _

1975 11400 340 230 3.87 2.62
(June)

1976 8900 320 100 2.84 0.89
(May)

decreased to 18-20 Bq/m?>. Cesium-137 concentration was not determined in this
area. At an off-shore location sufficiently remote from the river mouths, the ratio
Cs-137 to Sr-90 was 0.6. Only at a distance of more than 100 km from the coast did
it come close to one unit. This is evidence of the impact of river run-offs on the Black
Sea area studied.

Comparison of the 1976 data with those of 1975 has shown that strontium-90
concentration in the Dnieper estuary was virtually unchanged, and that the decrease
observed remained within the limits of the error of measurement. Cesium-137
concentration had remained less than 3 Bq/m?.

Comparison of the radioactive contamination in the Danube and Dnieper
near-estuarine areas in 1976 again revealed a difference in the strontium-90
concentrations: as in 1975, strontium-90 concentration in the Dnieper was 2.5 times
larger than that in the Danube, the average value bemg 30 Bq/m?®. In 1975, a ratio
between the drainage areas and the rates of flow in the Danube and Dnieper was
calculated using averaged historical data. The Danube's drainage area was 1.5 times
larger than that of the Dnieper, and the rate of flow in the Danube was 3.8 times
greater than in the Dnieper. The ratio of these values indicates that the expected
value of strontium-90 concentration in the Danube estuary may amount to 0.4 of
strontium-90 concentration in the Dnieper.

In 1975, the results of determination of strontium-90 concentration showed
that the ratio between concentrations in the Danube (12.5 Bq/m?) and in the Dnieper
(31 Bq/m?®) equalled 0.4. The 1976 data confirmed this ratio.

The results obtained explain the difference in strontium-90 concentrations in

the Dnieper and Danube and show evidence that radionuclide concentration in
rivers is dependent on its removal from soil.

24



46°

44°

42°

In general, the ratio between the hydrologic characteristics of the two water
systems yielding a ratio between the radionuclide concentrations, C,/C,, for these
water systems may be read as follows:

=K

N.vI —.U
A

D
¢

where P, is the drainage area of the first water system; P, is the drainage area of the
second water system; K, is therate of flow in the first water system; and K, is therate
of flow in the second water system.

Inour case, theratioobtained proved tobe fully consistent with thereal situation
over a period of two years. The available data do not allow us to deduce whether this
dependence holds for any other water system; deviations seem to be likely. However,
if removal from soil is the major source of radionuclide inputinto water systems, then
the ratio between the drainage area and the rate of flow determine radionuclide
concentration in any water system.

2,7 Tritium in Black Sea waters

Observations of tritium concentration in the Black Sea were started in 1973
(Vakulovsky et al., 1978). In 1975-1976, individual determinations were implemented
inthenorth-western partof the Black Sea. Theinvestigations carried outby Vakulovsky
et al. (1980) in September - October, 1977, during the cruise of the R/V MGLA appear
to be of greatest interest. We will consider below in more detail the results presented
in this paper, as they depict tritium's behavior in Black Sea waters in a comprehensive
manner.

The measurements were carried out at 19 stations basin-wide (Fig.2.11). The
average surface tritium concentration in 1977 (51+5)T.U. was lower by 40% than in

1973 (Vakulovsky et al., 1978). The authors consider it to be

worthwhile to divide the Black Sea into
three regions characterized by specific
surface concentrations: (i) the eastern part
7046 with theaveragesurface concentration being
j_j:-w 57 <]\ (60+6) T.U.; (ii) the western part with
. 5 : (48£10)T.U., and (jii) theoff-shorearea (from
the Bosporus to the Danube estuary) with

(35+3) T.U. The differences in the concen-
trations ave accounted for by tritium inputs

with atmospheric precipitations. Tritium
28° 32° 36° 40° E  concentrationinatmospheric precipitations
throughout the Black Sea is the same, and

Fig.2.11. Tritium concentration at various sites- the total amount of precipitation varies
during the cruise of the R/V MGLA in from 400-600 mm/year in the western
September-October 1977. section to 1700-5000 mm/year in the
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eastern section. By averaging the data obtained at different depths, the vertical
concentration profile was calculated. Figure 2.12 presents this profile normalized to
the surface concentration. It is approximated satisfactorily by the following
exponential relation :

C, =096 exp (—0.693h /hw) + 0.04

where C, is tritium concentration at the depth A4, (in rel. units); k is the depth of
sampling, m; h,, is the 82 m depth, where the radionuclide concentration decreases by
two.

It follows from tritium distribution along the Bosporus-Sevastopol transect
(Fig. 2.13) that tritium concentration at depth in the area adjacent to the Bosporus
essentially differs from that in the central area. This difference may be explained by
penetration of the dense surface waters of the Sea of Marmara into the Black Sea deep
layers.

On the basis of the data obtained, tritium concentration in the Black Sea (Table
2.7) was determined. To do this, tritium inventory in the layers was determined by
multiplying the layer's average concentration by the volume of water in the layer.
Then the concentrations were summed up. Tritium concentration in the Black Sea,
thus calculated, amounted to (12+3) MCi.

Table 2.7
Tritium inventory in the Black Sea in September-October 1977
Layer of Average Influxk, Part of the
water, concentration, 10¢ Ci total influx, %
m T.U.

0-100 35.5+3.7 4.3+ 0.5 35
100-300 12.8+ 3.2 2.6+ 0.7 21
300-500 5.0£25 1.0+ 0.5 8
500-1000 4.2+2.0 1.9+ 0.7 15

1000-1500 3.5+ 1.6 1.4+0.7 12
1500-2000 2.7+0.7 1.0+ 0.3 9
Total - 1213 100
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Fig.2.12. The averaged vertical profile of tritium  Fig.2.13. Tritium concentration isolines at the
concentration. transect between the Bosporus-Sevastopol in
September-October, 1977.

Tritium inventory was determined by separate balance components. The
calculation involved the following assumptions: (i) — the local sources of tritium
influx areabsent; (ii) - trittuminflux through molecular exchange with the sea surface
is double that of delivery by atmospheric precipitations; and (iii) - tritium
concentration in riverine waters is assumed equivalent to its concentration in the
sediments of the area given. Tritium losses because of evaporation from the sea
surface were not taken into account. Tritium outflow into the Sea of Marmara and the
Sea of Azov and its input through the Bosporus were considered. The data on tritium
inputs by precipitation for the period of 1953-1970 were taken from scientific
literature, and for the period of 1970-1977, the data measured were used. Tritium
influx from the Sea of Azov was calculated by multiplying the tritium inventory in
the Sea of Azov by the volume of water inflowing into the Black Sea via the Kerch
Strait. Assessment of the tritium inventory in the Sea of Azov was performed in
much the same way. Thus, tritium concentration calculated for the Black Sea in
1977 reached 13 MCi (molecular exchange accounts for 50% of tritium influx,
precipitations for 25%, and continental discharge for 25%).

Estimation of the naturally-occurring tritium concentration, using tritium
concentration in atmospheric precipitations, yielded a value of 0.5 MCi. Thus it
can be argued that virtually all tritium found in the Black Sea is of anthropogenic
origin.
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2.8. Radiocarbon from nuclear tests in the Black Sea and
CO,-exchange across the air-sea interface

Measurements of carbon-14 concentration in the Black Sea waters were carried
out in a thorough fashion during the cruise of R/V ODISSEY in the summer of 1965
(Ostlund, 1974).

The methodical scheme, used by the authors, allowed determination of radio-
carbon concentration in inorganic carbon (carbonate scheme). The concentrations are
given in the form of a ratio ( A/A,) between specific carbon activities in the sample
and in the reference activity. In absolute values (atoms per unit water volume),
concentration N is determined by the relation :

N=(A/A)-C-Aun/A

where C is the total CO, concentration given in moles per unit water volume, jt is the
gram-atomic weight of the stable carbon, A4 is the radiocarbon decay constant.
Introduce a dimensionless radiocarbon concentration

2N .4 _(4). €

G AF A G
where C, is the surface p CO, concentration. Distribution of the C/C, ratio was
obtained through averaging of the data available (Boguslavsky et al., 1980; Zhorov
et al., 1981; Skopintsev,1975). Figure 2.14 shows averaged profiles of the values of

(A/A;) (Ostlund, 1974), C/C, and their

A
product n. The experimental points 098 10 12 14‘Ao.ﬂ.’E'o

indicated in Figure 2.14 were obtained
through averaging the measuremerits at
close depth levels. It is readily seen that
the absolute concentration profile dis-
tinctly differs from that of the relative
concen-tration profile (A/A). This is an
aspect of carbon actively participating in 1000}
bio- logical processes. A similar picture
may be drawn for the silicon-32 isotope.
According to the estimate in
Ostlund, 1974, the surface value of (A/A)
for naturally-occurring radiocarbon
equals 1.03 (AC" = -20). The data derived
in the Pacific Ocean at middle latitudesof ~ 2000 %o
the northern hemisphere (Bien and Suess,
1967) indicate that by 1965, the nuclear
weapons test-derived radiocarbon had Fist-:)-u- \l/eﬁfﬁcal dis*zb:;'ion of the radio-
3 . $ : carbone retative concentration
penetrated into the lay ex‘havmg a thld?- (A/A,) relative radiocarbon concentration of the
n.ess of less than 200 m. I‘"ShOUJd be anti- total‘i’norgam'c C/C, and their product n =(A/A
cipated that the depth of penetration of .(CIC).

500

m

1500

Depth,
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the bomb radiocarbon in the Black Sea will not exceed this value. Consideration of
the arguments given above makes it possible to reconstruct the naturally-occurring
radiocarbon profile, shown by the dashed line in Figure 2.14. The hatched area
depicts the amount of nuclear-derived radiocarbon accumulated in Black Sea waters
by themiddle of 1965. As one can see, it encompasses practically the whole of the oxic
zone.

There exist estimates of the annual and seasonal mean CO, fluxes across the air-
sea interface for several world ocean regions. However, for most regions such
estimates are not available or they are very rough because CO, data on water is
insufficiently represented, as is the data on the rates of exchange. Today, thereis only
one paper (Zhorov et al., 1981a) dedicated to the calculation of CO, flux exchange
between Black Sea waters and the atmosphere. The rate of exchange, retrieved from
other sources, unrelated to CO, measurements in the Black Sea, was used as its
maximum value.

The authors of the work (Zemlyanoy et al., 1984) estimated the annual mean
CO, flux between the Black Sea and the atmosphere using a rate of exchange
derived from the radiocarbon concentration equilibrium resultant from nuclear
weapon tests in the Black Sea.

Henceforth, all speculations concerning radiocarbon concentration will refer
only to its nuclear test derived component.

The radiocarbon balance of the Black Sea carbonate systern may be written in
the following form

B o L Iy =1 Ly + = A0

H ()
Q= .(lfn(z,r) S(z) dz

where H (1) is the depth of radiocarbon penetration at the moment of time ¢ after the
beginning of nuclear tests; S (z) is the sea area at the depth level; and Q is the amount
of radiocarbon accumulated in the sea at the moment of time t. The terms in the right-
hand side of the equation denote radiocarbon fluxes related to the following factors:
f... is the exchange across the air-sea interface; f_is theriver outflow; f; and f are the
influxes of the Sea of Azov waters into the Black Sea and the outflow of Black Sea
waters through the Kerch Strait, respectively; f; and f; denote similar processes for
the Bosporus; f,, _is photosynthesis and organic substance decomposition; and 4 Q is
radioactive decay.

With the basic processes, (i.e., molecular exchange across the air-sea interface)
and precipitations being considered, f, may be presented in the form

faan - KSOC(; ( annA'—; - nOPO) + Z; (Ao)
L
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where K is the rate of exchange of CO, across the sea surface; o is CO, solubility;
P, and P, are the partial pressures of CO, in the atmosphere and on the sea surface,
respectively; L is the total amount of atmospheric precipitations; C, is the CO,
concentration in precipitations; and S; is the sea surface area. The measurements
have shown that alkalinity of the atmospheric precipitations is insignificant
(Eremeeva, Bezborodov, 1981).

Thus 3, CO, in precipitations is almost completely represented by CO,, and the
quantity of the latter will be assumed to be in equilibrium with the atmosphere, i.e.,
(A[Ay), = (AlA,),e

It may be assumed that fluvial waters penetrate into the top 50-m layer of the
Black Sea, and in deeper layers their effect is evident owing to the vertical exchange
processes (Bogdanova, 1959; Kolesnikov and Boguslavsky, 1978). Besides, the fluvial
carbonate system is assumed to be in equilibrium with the atmospheric radiocarbon.
Then

C
L=v,-c—’(£‘-)
0 0 anmn

where v, is the inflow of river waters per time unit ; C is 3, CO, concentration in river
water; and (A/A) ,_is characteristic of the atmosphere.

An exchange with the Sea of Azov occurs through the shallow Kerch Strait. The
Sea of Azov then receives the surface Black Sea waters. As the impact of river
discharge upon the Sea of Azov is much stronger than in the Black Sea and the
magnitude of water exchange between the two seas is modest, it may be assumed that
theratio (A/A) for the Sea of Azov waters is the same as for river waters, i.e., according
to the assumption adopted above, it should be equal to (A/A),,,, - Then

- A -
&"fr”rc—(z;) V4
am
where v; and v are the volumes of the Sea of Azov waters entering the Black Sea per
time unit and the value of the counterflux from the Black Sea into the Sea of Azov,

respectively; C, is the 2, CO, concentration in the Sea of Azov waters.

The Bosporus surface current encompasses, on average, a layer which is about
45 m thick (Water exchange, 1969), the greatest rate of flow occurring within the
topmost stratum. Therefore, it was supposed that radiocarbon concentration in the
Bosporus surface waters corresponded to that of the Black Sea surface water, i.e., f;=
v, - n,, where v, is the rate of flow of the surface Bosporus current.

Organic substances contained in fluvial waters are basically represented by
humid, decomposition-resistant compounds (Skopintsev, 1975). The effect of this
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balance component in further considerations was neglected. The estimates in
Skopintsev, (1975) have shown that merely 20% of the photosynthetic production
leaves the oxigenated area, the remaining amount being decomposed within it. As
the photosynthesis encompasses the uppermost layers, one can write f,. =
-0.2(F/C, ) - n,, where F is the primary production in the Black Sea.

As the radiocarbon decay constant is rather small (4 = 1.2 - 10 year ), the
radioactive decay for the time period under consideration (1954-1965) may be
ignored.

Introduce the notation b =aP,/C, and

T
0 dr, M.= | nydt.
[5),,, M= fro

Then:
T$d Patm
{ Fdt=Q(T)=Kb S, —P;—MA—MS + (2.3)
C,
- - F
( Z‘; ]MA—(VA+VB 4-0.2C;)MS
-

whence a value of K may be determined.

For Q(T) to be calculated, the values of Black Sea areas at various depths were
taken from Bogdanova, 1959. The integral of M, was calculated from the data in
(Vinogradov,1967). The integral of M, was calculated on the assumption that curves
depicting the growth of nuclear weapon test-derived radiocarbon surface
concentrations in the Black Sea and in the ocean (Broecker ef al., 1980) normalized to
the valueatmid-1965 wereidentical. The elements of the Black Sea water balance and
the value of primary production are taken from Skopintsev (1975).

In the last instance, the impact of inflowing Sea of Marmara waters upon the
Black Sea wasignored in view of the following considerations. These waters, initially
having high density, rapidly sink to great depths in the Black Sea. For instance, it is
argued in Water exchange, 1969 that it takes them about 3 days to attain the 500 m
depth. They are then mixed with deep Black Sea waters, which are much larger in
volume than those of the Sea of Marmara annually received by the Black Sea. Hence,
therelated radiocarbon concentration at various depths will be small, and neglecting
of the radiocarbon influx into the upper layers from the deeper ones may modify the
hatched area in the figure. Hence, it was assumed f} = 0.

According to the in situ data in (Boguslavsky et al., 1980; Zhorov et al., 1981a),
the mean values are as follows : P, = 3.21 - 10* atm., P, = 3.46 - 10* atm. and
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C, =306 - 10~° mol/1. Whence b = 0.005 was (i::2rmined with the annual mean Black
Sea surface temperature being taken asequal to 15°C. Substitution of the numerical
values in the equation (2.3) yields K = 35 - 10* cm/s™' . With the annual mean
temperature of Black Sea surface waters taken as equal to 15°C, the micro-layer
thickness, with purely molecular diffusion equalling 40 pm, was derived in the
framework of the film model (Broecker and Peng, 1974), which proved to be twice
as large as the value in (Zhorov et al., 1981 a).

The value acquired implies that annually the Black Sea releases into the

atmosphere K, (P,~ P, )-S,=22-10%t of CO,,ie., only half of the amount
determined in Zhorov et al., 1981a.
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PART III

CHERNOBYL RADIOECOLOGICAL
CONSEQUENCES FOR THE BLACK SEA

3.1 Isotope composition of Chernobyl fallouts
onto the Black Sea water area.

A thermal explosion in Block 4 of the Chernobyl nuclear power station (NPS)
that destroyed the active zone of the reactor and part of the building, opened the way
for radioactive fission products and fuel to escape into the environment.

Radionuclide blow-out from the damaged block was a prolonged process
(Information, 1986). An intensive discharge of fission products into the atmosphere
was observed over a period of 10 days. Given the character of the processes, this
period can be divided into several stages. The first stage was the moment of explosion
when the blow-out of dispersive fuel occurred. The radionuclide composition of the
fuel was enriched with volatile isotopes of iodine, tellurium, and noble gases. During
the second stage (from April 26 to May 2, 1986) the intensity of fission products
discharge gradually decreased. At this stage, finely-dispersed fuel was carried out
from the reactor by the hot air flux produced by burning graphite. At the third stage,
a rapid increase in the intensity of discharge of fission products (May 2-6) was
observed. This was induced by the fuel heating in the active zone to a temperature
higher than 1700°C through remanent heat evolution. Initially, the predominant
discharge of volatile components (primarily, iodine and cesium) was observed.

At this time the radionuclide composition again approximated to that of
irradiated fuel. The fourth stage was characterized by a dramatic drop in the power
of fission product output as a result of the precautions that had been taken, by the
formation of hard-melting compounds composed of fission products and the
materials inserted and by the stabilization and further decrease in temperature
within the reactor zone.

The isotopic composition of the products released is given in Table 3.1. The
concentration and density of depositions onto the surface of various regions were
controlled by the nuclide composition of the radioactive cloud and by the presence
or absence of precipitations. The main zones of land contamination after the
accident were found west, north-west and north-east of the Chernobyl nuclear
power station and, to a lesser degree, to the south. The Black Sea area and the adjacent
areas proved to be within the zone affected by the southern plume of the radioactive
cloud that was formed during the period from April 29 till May 7-9, 1986.

Figure 3.1 depicts the location of the radioactive cloud during the first days
following the accident (Buesseler, 1987).

Thus, the isotope content of decay products' deposition onto the Black Sea
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Table 3.1,
Radionuclide composition of the blow-out
from the Chernobyl damagedreactor (Information, 1986)
Nuclide The half-life The blow-out activity, Activity of the
period MCi reactor-discharged
radionuclides on
26.04.1986 | 06.05.1986(a) May 6,1986

Xe-133 53 days 5 45 Possibly <100
Kr-85 106 years - 0.9 -

J-131 8.0 days 4.5 73 20
Te-132 777 hours 4 1.3 15
Cs-134 2.0 ycars 0.15 05 10
Cs-137 30  years 0.3 1.0 13
Mo-99 28 days 045 3.0 23
Zr-95 65  days 045 38 3.2
Ru-103 394 days 0.6 3.2 29
Ru-106 367 days 0.2 1.6 29
Ba-140 128 days 0.5 4.3 5.6
Ce-141 324 days 04 28 23
Ce-144 284 days 045 24 28
5r-89 51  days 0.25 2.2 4.0
Sr-90 29  years 0.015 0.22 4.0
Pu-238 89.6 years 07001 0.0008 3.0
Pu-239 24100 years 0.0001 0.0007 30
Pu-240 6580 years 0.0002 0.001 3.0
Pu-241 13 years 0.02 0.14 3.0
Pu-242 3.8:10° years 0.0000003|  0.000002 3.0
Cm-242 136 days 0.003 0.021 30
Np-239 233 days 27 1.2 32

(a) = The total amount released by May 6 1986.

surface depended on the nuclide composition of the discharge during the second and,
particularly, the third stage, when the main blow-out of volatile isotopes (primarily,
iodine, tellurium, and cesium isotopes) occurred due to the rise in fuel temperature.
Table 3.2 lists radionuclide fraction coefficients versus zirconium-95 taken from the
results of the atmospheric aerosol samples analysed during the first days following
the disaster (Izrael et al., 1987).

Unfortunately, the published papers contain hardly any cata on the direct
measurements of density and isotope composition of atmospheric fallouts over the
Black Sea area, as in the study carried out in western Europe immediately after the
accident (Hohenemser éf al., 1986).



Fig. 3.1, The atmospheric pathway of Chernobyl radioactive fallout at 750 meters (dashed line) and
1.500 meters (shaded plume) originating from the accident site on different days (Buesseler, 1987).

Practically all the data on the fall-out isotope composition in the Black Sea area
were obtained indirectly from the measurements of the radionuclide concentration in
samples of soil or seawater (Krey et al., 1986; Livingston et al., 1986).

The paper by Livingston and Buesseler (Livingston et al., 1989) presents the
characteristics of Chernobyl fallouts in the southern Black Sea. Figure 3.2 shows the
composition of the Chernobyl fallouts in the Black Sea area: radionuclide
composition content in the soil sample from the Kefren Isle off the northeastern
Turkish coast and in the surface waters of the south-eastern section of the basin.
The data given demonstrate that the fallouts sampled on land were enriched with
hard-melting radionuclides (Ru-106, Ce-144), whereas the radioisotope composition
of Black Sea surface waters contained small quantities of the latter.

There are two possible reasons for the low concentration of Ru-106 and Ce-
144 in Black Sea waters : (i) either the composition of the deposition onto the Black
Sea coast and water was identical, but due to cerium and ruthenium being largerly
absorbed by suspended matter and because of their subsequent removal from the
surface waters, the ratios Ru-106/Cs-137 and Ce-144/Cs137 in the water were
smaller than those contained in soil; or (ii), the Black Sea water masses had initially
received fallouts less enriched with Ce-144 and Ru-106. However, only the results
supporting the first hypothesis (Livingston et al., 1987) have been published.

The southern plume of the radioactive cloud formed when the discharge from

the reactor was enriched with more hard-melting compounds resulting from
increased temperature in the reactor zone.
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This accounts for the difference in theratios of Ru-106/Cs-137 and Ce-. +4/Cs-
137 in the depositions of the southern, north-western, and western traces that were
formed immediately after the accident. In the surface water samples collected on
June 17 in the southern Black Sea, as well as cesiurn isotopes which constituted the
major part of the fallouts, 8 isotopes of Chernobyl origin were also detected: Ce-144,
Ce-141, Ru-106, Ru-103, La-140, Ba-140, Nb-95, and Te-129. In addition, a further
radio-chemical analysis of the samples permitted the plutonium, americium and
curium isotopes to be singled out (Buesseler, 1987; Buesseler et al., 1990a).

3.2 Radioactivity of the near-surface atmospheric layer in the
Black Sea region in 1986-1989

Invesugatlons of radioactive contamination of the near-surface atmospheric
layer in the Black Sea region were conducted by MHI, Ukrainian Academy of
Sciences, from May 1986 through March 1989. FPP filters were used to concentrate air
radionuclides. The air was supplied to the filters by the blast blower. The volume of
the air that passed through the filters reached (120-200) - 10° m?, over an average
period of 6-7 days.

In the investigations accomplished in May-June 1986, the period of testing
lasted 12-24 hours. Measurements of gamma-activity in the filters were conducted
using the low-background gamma-spectrometer featuring 4 semiconducting
detector. Later on, when air aerosol gamma-activity was basically formed by cesium
radionuclides, measurements were carried out using a scintillation sensor with a
crystal of NalI(T]). Figure 3.3 illustrates the gamma-spectrum of air aerosol in the
sample taken in June 1986 in the near-surface atmosphere of the Black Sea. The
spectrum given does not display lines of short-lived isctopes (I-131, Te-132), whose
concentration was too small to be accurately measured. For comparison, Table 3.3
lists the radionuclide composition in the jet of radioactive product from the
damaged reactor area on June 5, 1986 (Izrael et al., 1987). Table 3.4 gives the
radionuclide (Cs-134 and Cs-137) concentration in the air aerosol samples taken by
the R/V AKADEMIK VERNADSKY from 15 May to 3 June, 1986. Cesium radio-
isotope concentratinns are given at the moment of sampling.

Table 3.2 .
Radionuclide fractionation coefficients versus zirconium-95
in the air aerosol samples

Radionuclide | Ce-144 | Ce-141 | Ba-140 | J-131 | Ru-103 | Ru-106 | Cs-137

Fractionation | 1.23 1.03 0.84 522 2.21 1.7 5.64
coefficients
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Fig. 3.2, Composition of Chernobyl fallout in . The peak v.al.u es of cesium-137 ?nd
the Black Sea region - comparisons with other Ces_mm'l34 r.?dloxsofope c.:om.:entratlon
European locations (Livingston, et al,, 1989).  Tegistered during the investigations were

in the central Mediterranean Sea. In
transition from the Mediterranean to the Black Sea, cesium radionuclide concen-
tration in the near-surface atmospheric layer decreased. The largest values of radio-
cesium concentration obtained several times exceeded theidentical values over the
Mediterranean Sea in 1963, i.e., just after the nuclear tests in 1961-1962. During this
period Cs-137 concentration ranged between 0.7 and 1.1 mBq/m?® (The Radioactive
Contamination, 1964). The total concentration of cesium-134 radioisotope, which was
absent in the global fallouts, and cesium-137 concentration in the near-surface
atmosphere of the Black Sea and the Mediterranean one month after the Chernobyl
accident, exceeded cesium-137 concentration documented during the most intensive
nuclear weapon tests, by almost a factor. The peculiarity of the situation after the
Chernobyl accident was thatafter the passage of theradioactive cloud, formed during
the most intensive discharge of fission products from the reactor, a drastic decrease
inradionuclide concentration in the atmosphere was observed in several areas. From
the analysis of the data presented in (Izrael et al., 1987) it may be deduced that
radiocesium concentration in the near-water atmosphere of the Black Sea during the
transport of the radioactive cloud (May 1-8, 1986) reached a value of the order of 20-
200 mBq/m?3, The radiocesium concentrations measured at the end of May in the near-
water atmosphere of the Black Sea were already lower than those measured in the
Mediterranean Sea between 18-23 May 1986. The most likely explanation for this
may be that the time between the transport of the radioactive cloud and the moment
of sampling was longer in the Black Sea than in the Mediterranean.

For two years, beginning May 1987, the radioactive cesium concentration in
the near-water atmospheric layer of the Black Sea off the Crimea coast (stl. Katsiveli)
was continuously measured. The average period was 7 days. Figure 3.4 gives a
diagram of the variation of cesium-137 and césium-134 concentration over the period
of investigation. The range of variation of cesium-137 concentration was within 3.2-
38 uBq/m? and for cesium-134, it was 1.4-28 uBq/m?. Thus, as compared to May
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1986, cesium radionuclides concentration in the atmosphere decreased more than
100 times. The seasonal mean radiocesium concentrations during investigations are
listed in Table 3.5.

From the mean cesium-137 and cesium-134 concentrations one may trace a
tendency for a decrease in radionuclide concentration in the near-water atmospheric
layer. Cesium-134 concentration decreases faster than that of cesium-137. There are
at least two reasons for this. The first reason is associated with radioactive decay, as
the cesium-134 half-life (T = 2.07 year) is much shorter than that of cesium-137
(T'=30.17 years). The second reason is the injection of cesium-137 accumulated in the
stratosphere as a result of nuclear weapon tests. The lack of experimentally-
determined concentrations of cesium-137 before the Chernobyl accident has not
allowed us to determine the fraction of globally deposited cesiumradionuclides in the
nearwater atmospheric layer of the Black Sea. Regular observations of the concen-
tration of man-made radionuclides in the near-water atmospheric layer the Black Sea
region were carried out during the intensive nuclear weapon tests. In 1960, cesium-
137 concentration was of the order of 10-100 uBq/m? (The Radioactive contamination,
1964). After the Chernobyl accident, radiocesium concentration was 100-1000 times
higher than the values mentioned above. In the spring of 1987, however, this fell to
the level of 5-30 uBq/m?3. To estimate the ratio between global radiocesium in the
atmosphere and that of Chernobyl, one can use the presence of cesium-134, the only
sourceof which is Chernobyl. Atthe moment of the blow-out the Cs-134/Cs-137 ratio
equated 0.53. Cesium-134 may be used as a "Chernobyl" tracer only if the behaviour
of both radionuclides in the atmosphere is identical. The analysis of the observations
conducted in 1986-1989 showed, however, that an intensive isotope fractionation
took place there. Figure 3.5 gives the Cs-134/Cs-137 ratio during the period of
investigation. Cesium-134 concentrations are given for May 1, 1986. Incidentally, in
the absence of isotope fractionation, the radionuclides ratio remains constant.
Actually, during the first two years after the Chernobyl accident, cesium-134 was
largely removed from the near-water atmospheric layer. As a result, the Cs-134/Cs-
137 ratio dropped to the value of 0.05. The cause of isotope fractionation in the
atmosphere, in our opinion, lies in the processes related to the formation of radio-
active aerosols at the moment of condensation, as well as to the concentration of
cesium-134 and cesium-137 on particles of various sizes. Some evidence of radio-
nuclide distribution on aerosol particles of various sizes may be obtained from the
datain (Jost et al., 1986). The measurements were carried outin Switzerland but they
may refer to other areas where the Chernobyl radionuclide fallouts were observed.
Figure 3.6 shows distribution of radionuclides' (I-131, Te-132, Cs-137 and Ru-103)
activity according to size of aerosol particles. The peak of I-131 activity is shown by
particles with an overall size of 0.35 and 0.71 m for Te-132, Cs-137 and Ru-103. The
measurements taken in Sweden, Finland and Germany (Devell ¢t al., 1986, STUK-B-
VALO, 1986; Lockhart et al., 1965) showed that 80 % of I-131 was in a gaseous phase.
Cs-137, Te-132 and Ru-103, conversely, may have been released by the reactor in the
form of particles or they were readily sorbed on fine-sized aerosols, which then
coagulated with other particles during transport. It can be supposed that some
inorganic iones (sulphates, nitrates or ammonium) may have transported radio-
nuclides over great distances. For example, Chernobyl-derived Cs-137 distribution,

38



in relation to the size of particles, proved to be similar to that of the nuclear test
(Lockhart et al., 1965).

Today, the absence of information on the distribution of cesium-134 in relation
to the size of aerosols deprives us of the possibility to consider the likely mechanisms
for cesium radioisotopes fractionation in the near-water atmosphere of the Black Sea.

3.3. Contamination of the Black Sea surface waters as a result of atmospheric
fallouts of Chernobyl radionuclides

The accident at the Chernobyl nuclear power station and the global scale of the
consequences spurred intensive research on radioactive contamination of Black Sea
waters. In June 1986, the investigations were started in various Black Sea areas by the
Marine Hydrophysical Institute (Chudinovskikh et al., 1990; Chudinovskikh and
Eremeev, 1990) and by the Institute of Biology of Southern Seas, Academy of Sciences
of the Ukraine (Kulebakina and Polikarpov, 1991). Great interest in the problem of
Black Sea contamination by radioactive products was displayed by American
investigators, who, together with Turkish colleagues, worked in the southern Black
Sea and the near-Bosporus area in June 1986. In September 1986, they continued their
investigations in this section of the Black Sea (Buesseler, 1987; Livingston et al., 1986).
In October 1986, a study of the long-lived radionuclide concentration in the surface
waters was accomplished by the scientific workers of the Institute of Experimental
Meteorology (Obninsk) (Nikitin et al., 1988). Figure 3.7 illustrates the location of
sampling stations from June to September 1986. During this period all the
investigators focussed on the western Black Sea, as, according to the meteorologic
data, the radioactive cloud had passed precisely over this area (Fig. 3.1).

Among more than 30 radionuclides detected in the blow-outs from the
destroyed reactor, cesium-137, cesium-134, and strontium-90 radioisotopes are of
greatestinterest as the half- life of other isotopes with significantactivity lasts only for
several days. Also, plutonium radioisotopes, which accounted for 3 % of the overall
discharge by the reactor, were of great interest (Information, 1986). Given this back-
ground, the Soviet investigators concentrated on the study of the concentration of
cesium and strontium radioisotopes in Black Sea waters.

Radioactive cesium isotope extraction from seawater was conducted by the
sorption procedure developed in the Marine Hydrophysical Institute. As a sorbent,
we employed cobalt ferrocyanide to fix the organic matrix, the latter being made of
fibrous chemisorbents MTILON-T and TZM-A2, developed in the Moscow Textile
Institute (Shkuro et al., 1985).

Seawater was passed through the sorbent, placed in three layers in a special
container, at a linear speed of 0.05 - 0.1 1/min - cm? The degree of cesium leaching
varied from 95 to 30%. Utilization of a three-layer sorbent permlts the calculation of
the degree of cesium separahon from seawater in each sample using the distribution
of radionuclide concentration in each layer (Gedeonov et al., 1978).
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Table 3.3
The concentration of radionuclides in the flux of radioactive products
from the area of the damaged block on 5 June 1986 (Izrael, et al., 1987)
Radionuclide | Concentration Relation The amount of radioactivity
pCi/m? to Zr-95 entering the atmosphere,
Ci/day
Zr-95 51 1.0 30
Nb-95 86 1.7 50
Ru-103 26 0.51 16
Ru-106 10 0.2 6
I-131 24 0.046 1.5
Cs-134 29 0.054 -
Cs-136 0.65 0.013 -
Cs-137 6.2 - -
La-140 7.3 0.14 4.4
Ce-141 22 0.42 13
Ce-144 34 0.67 20
Total : 135

The radionuclide activity was measured by standard radiometric instruments,
including the pulse analyzer Al-1024 and the scintillation sensor featuring a NaI(T1)
crystal. The concentration of strontium-90 from the seawater was measured through
carbonate sedimentation (Ivanova, 1967). The sediment was dissolved in 10-50 ml 4
mol/l of nitricacid. It was extracted with chloroform solution Dicyclohexil-18-croun-
6 (DCH18C6) from the nitric acid sample solution and the organic phase activity was
subsequently measured.

Also, Buesseler et al., (Buesseler, 1987; Livingston et al., 1986; Livingston et al.,
1989) determined cerium-144, ruthenium-106, plutonium-239, 240, americium-241,
and curium-242 concentrations. The results obtained are shown in Table 3.6. The
number of the stations given in the table corresponds to the schema displayed in
Figure 3.7. :

The density of distribution of the Chernobyl cesium-137 measured at station 24
(Fig. 3.7) was 11,2 KBq/m? (304 mCi/km?) (Livingston, et al., 1989). In the opinion of
the authors, the total concentration of Chernobyl-derived cesium-137 in the upper
mixed layer is comparable with the total input of global fallouts at the latitude of the
Black Sea estimated through the re-calculation of strontium-90 data (therecalculation
coefficient is 1.5). From the estimates given in (Larsen, 1984) the inventory of nuclear
weapon test-derived radiocesium reached 2.69 KBq/m? by May 1, 1986 (72.5 mCi/
km?). Thus, Livingston ef al., (1989) estimates the Chernobyl cesium-137 input in the
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southern Black Sea to be of 1-4 times
greater than that delivered from fallout
from nuclear weapons testing. It is
assumed then that Chernobyl cesium-
137 concentration in the mixed layer
is controlled solely by atmospheric
fallouts.

8
*Ce**Pr

lmpulses

100 Figure 3.8 exhibits the results of

measurements of cesium-137 concen-
tration in Black Sea surface waters
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concentration attained the value of 815-840 Bq/m?in this area in May 1986.
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The data given in Figure 3.8 are smoothed, compared to thereal field of cesium-
137 distribution in the Black Sea surface layer, not only because of the rarity of
stations, but also because in June 1986, an important role in smoothing of the
originally patchy contamination of surface waters was played by physical mixing
processes.

Against the general background of Black {11 surface water contamination, the
north-western shelf area (where in June 1986, the lowest cesium-137 and cesium-134
concentration, being about 100 Bq/m?, was registered) stands out. From our data, the
mean Cs-137 and Cs-134 radionuclide content reached 272+171 Bq/m?3 and 136186
Bq/m?, respectively. It should be noted then that their mean values for the north-
western shelf amounted to 107420 Bq/m? and 5619 Bq/m3respectively. The Cs-134/
Cs-137 ratio acquired for the period at issue equalled 0.5010.05. The variation
coefficients for cesium-137 and cesium-134 concentrations and the Cs-134/Cs-137
ratios reached 63%, 63%, and 10%, respectively. This points to the simultaneous
input of cesium radionuclides into the Black Sea surface waters.

The temporal trend of cesium isotope surface concentration identified in
(Livingston et al., 1989) at the same stations can be explained by the water mass
mixing. All the investigators note that Cs-137 and Cs-134 concentrations in the
surface waters, both in June and September, vary dramatically between the two
sampling stations. We can explain this by the variability of Chernobyl radionuclide
deposition on the Black Sea surface. Livingston et al., (1989) emphasizes that in
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Table 3.4
-Cs-137 and Cs-134 concentrations in the near-surface
atmospherlc layer of the Mediterranean and the Black Seas
from May 17 till June 3, 1986,
Concentration,
Sample Coordinate Date and Time mBq/m? Ratio
number Cs-134/
Thestart  Theend The start | Theend Cs-137
of of of of Cs-137 | Cs-134
sampling sampling | sampling | sampling
1 35°36'"7N  36°20'N | 17.05.86 | 18.05.86 1.32 0.78 0.59
09°52' W 03°00' W 22-30 21-00
2 36°200 N 36°49'N | 18.05.86 | 19.05.86 3.67 1.84 0.50
03°00' W 00°53'W 21-15 09-30
3 36°49' N 37°41'N 19.05.86 | 20.05.86 346 1.70 049
00°53' W 08°19'E 09-30 09-30
4 37°41' N 36°34' N 20.05.86 | 21.05.86 3.81 1.83 0.48
08°19' E 13°42'E 09-30 09-00
5 36°34' N 36°11'N | 21.05.86 | 22.05.86 547 2.79 0.51
13°42' E 17°40' E 09-00 09-00
6 36°11' N 36°15'N | 22.05.86 | 23.05.86 3.72 2,07 0.55
17°40' E 17°46'E 09-00 09-00 :
7 36°15' N 36°26'N | 23.05.86 | 24.05.86 4.82 290 0.60
17°46' E 17°46' E 09-00 09-00
8 36°26' N  36°25'N | 24.05.86 | 25.05.86 3.06 146 048
17°48' E 21°29'E 09-00 09-00
9 36°25' N p.Piraeus | 25.05.86 | 26.05.86 222 1.20 0.54
21°29' W 09-00 09-00
10 42°0774N  42°20"7N | 30.05.86 | 31.05.86 1.73 0.78 0.45
29°44' E 30°04' E 09-00 09-00
1 42°20'"7N  42°20"7N | 31.05.86 | 01.06.86 2.14 0.92 043
30°04'.5E 30°04'.5E 09-00 09-00
12 42°20"7N  42°20'7N | 01.06.86 | 02.06.86 1.52 0.75 0.49
30°04'.5E 30°04".5E 09-00 09-00
13 42°20"7N  Sevastopo| 02.06.86 | 02.06.86 1.97 0.90 0.46
30°04'.5E 09-00 21-00
14 Sevastopol 02.06.86 | 03.06.86 1.00 0.62 0.62
21-00 09-00
15 Sevastopol 03.06.86 | 03.06.86 131 0.93 0.71
09-00 21-00

September, compared to June, the growth in cesium radionuclide concentration
resulted from surface circulation and transport of more active waters from the
northern Black Sea to the Bosporus region. This pattern implies that the Chernobyl
radioactive depositionsin the northern Black Sea are higher than in the southern area.
This is confirmed, not only by meteorologic models, (World Health, 1987) but also by
the results of the investigations implemented in November-December 1986
throughout most of the Black Sea, with the exception of the Turkish economic zone
(Chudinovskich and Eremeev, 1990). Figure 3.9 depicts the distribution of cesium-137
concentration in the surface waters during this period. The sampling stations are
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Fig.3.4. The diagram of variations in Cs-137 and Cs-134 concentrations in the Black Sea near-water
atmosphere (stl. Katsiveli). May,1987-February, 1989.

marked by points. Obviously, over the seven months, from the moment radionuclides
entered the Black Sea, considerable smoothing of the initial patchy contamination
took place. Nonetheless, in the southern Black Sea, an area of high cesium-137 and
cesium-134 contamination was observed. As there is no reason to suppose that new
inputs of radionuclides from the atmosphere occurred in this region, the presence of
an area with high cesium radionuclide concentration can be explained by the
translation of the contaminated body of water, observed in June near the southern
coast of the Crimea, towards the Bosporus.

The mean values of cesium-137 and cesium-134 concentration in November-
December 1986 reached: 102439 and 45115 B(q/m?® in the eastern Black Sea, and 177480
and 81441 Bq/m?in the western Black Searespectively. It should be noted that despite
the general decrease in the mean values of the surface radiocesium concentrations in
December 1986, as compared to June, their presencein the waters of thenorth-western
shelf increased slightly. In June, the mean values of cesium-137 and cesium-134
concentrations in the shelf areas reached 107420 and 5619 Bq/m?, respectively,
whereas, in December, they were 143463 and 59419 Bq/m?, respectively. The increase
in radionuclide concentration may have occurred both through transfer of the more
contaminated waters as a result of surface circulation and the delivery of radio-
nuclides with river waters during the period of autumn flood. We will not elaborate
on the features of radioactivity inputs by the river run-offs, as this problem will be
considered later.

The cesium radionuclide concentration distribution in the eastern Black Sea
during this period was uniform and lay in the range of 50-150 Bq/m® (Fig. 3.9).

The decrease in the "patchiness" of radioactive cesium distribution in the Black
Sea surface waters in December 1986 is obvious from the comparison of histograms
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Fig.3.5. Variation of the Cs-134/Cs-137 ratio in the Black Sea near-water atmospheric layer in May

1986-April 1989.
1 - indicates the cesium isotopes ration in May-June 1986.

given in Figure 3.10. In December, more than 57% of cesium-137 concentration lay
within the range from 100 to 200 Bq/m?, whereas in June these values amounted to
13%, at most. Concentrations exceeding 300 Bq/m3 then reached 3.3%, while in June
these values reached 47.6%.

In autumn 1986, the coastal waters of some settlements of the Crimea were
investigated. It appeared that the highest cesium-137 and cesium-134 concentrations
occurred on thesouthern coastline (Table 3.7), which is consistent with June 1986 data
(Fig.3.8). It should be noted that during the three months between the first and thelast
samplings in the Bay of Sevastopol, the radionuclides concentration in seawater
decreased more than three times.

In the spring of 1987, the flood was awaited with particular concern. Patterns in
the spring snow thaw showed the possibility of considerable injection of radioactive
products into the Black Sea shelf zone. The greatest alarm was caused by the
radioactive situation in the north-western shelf, whose fluvial discharge accounted
for 80% of the total run-off into the Black Sea.

From May 26 through June 16, 1987, cesium radionuclide concentration in
Black Sea surface waters was being studied. The schematic location of sampling
stations and cesium-137 concentration is given in Figure 3.11. How much the
radiocesium concentration field in surface waters altered following the spring flood
can be deduced from the comparison of Figures 3.9 and 3.11. Analysis of the results
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Table 3.5
The mean values of cesium-137 and ceslum-134 radloisotope concentration
in the near-water atmospheric layer of the Black Sea
in 1987-1989 (off the South Crimea)
The range of nuclide concentration Mean concentrations
Number measurements, uBq/m?
Month of
samples
maximum minimum Cs-137 Cs-134
uBq/m® |  uBq/m’
Cs-137 | Cs-134 | Cs-137| Cs-134

May, 1987 5 30 5.7 5.3 0.7 18£10 3.5+1.8
June-August, 12 38 53 9.2 11 18+ 8 2.5+1.1
1987
September- 15 30 28 1.5 0.2 14+ 9 1.2¢0.8
November,
1987
December, 12 16 1.7 25 0.2 10+ 5 0.840.4
1987
February,1988
March- 12 13 1.0 035] 003 | 44435 0.34140.29
May,1988
June-August, 4 7.2 03 25 0.2 4.6%1.8 0.25+0.04
1988
September- 1 17 1.3 037 003 | 3.9+29 0.3740.29
November,
1988
December, 15 27 1.2 017] 0.01 6+5 0.31+0.29
1988
February,1989

obtained permits us to claim that no appreciable influx of cesium radionuclides
with river waters into the north-western shelf area occurred. During the year after
the accident the mean values of cesium-137 and cesium-134 concentrations had
essentially decreased. In June 1987, these amounted to 961447 and 25113 Bq/m?,
respectively, for the western Black Sea.

A different situation occurred in the spring and summer of 1987 in the eastern
Black Sea. In the waters off the Caucasus, the concentration of cesium radionuclides
increased 1.5-2 times. The cesium-137 concentration in the surface waters in
December 1986 being 150 Bq/m?, at most, in June 1987, it varied within the range of
200 - 300 Bq/m3. The increase in cesium radioisotope concentration in the off-
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shore waters of the eastern Black Seamay
be explained only by the intensive snow
thaw in the mountains and the influx of
cesium radionuclides through melting
waters. The mean values of cesium-137
and cesium-134 concentration for the
entire eastern Black Sea during this
period reached 119483 and 30421 Bq/m3,
respectively. The range of variation in
cesium-137 concentration lies within 25
and 280 Bq/m?, and for cesium-134, the
variation was from 7 to 70 Bq/m?.

In 1988, investigations of cesium
and strontium radionuclide concen-
tration in the western Black Sea were
carried out by Polikarpov and his
colleagues (Polikarpov et. al., 1991). The
data compiled are shown in Figures 3.12
- 3.14. From data compiled by the same
authors, Sr-90 concentrationsin the Black
Sea waters in 1987, on average, reached
35.2 Bq/m? (the range of measurement

being within 25 - 78 Bq/m?) in the north-western corner; 22.9 Bq/m? (17 - 31 Bq/m?)
in the western area and 22.6 (17 - 24) Bq/m®in the eastern area. On the whole, the mean
values of Sr-90 concentration for the Black Sea reached 19.6 Bq/m?. Similar
investigations were conducted in 1988-1991. Table 3.8 lists data on cesium
radioisotope concentration in Black Sea surface waters in 1986-1991.

During the five years since the Chernobyl accident and consequent radio-
nuclide input into the Black Sea a gradual decrease in cesium-137 and cesium-134
concentration was observed in Black Sea surface waters. In 1991 the cesium-134
concentration in the majority of samples was already too low to be accurately
determined, whilst Cs-137 concentration did not exceed 50 Bq/m? Thus, the Black
Sea surface waters have exhibited a great capacity for "self-purification". Itis obvious
that "self-purification" of this kind occurs, primarily, due to the processes of water
mixing and radionuclide redistribution between the surface and deep waters, as
well as physico-chemical processes and bioaccumulation leading to sorption and
absorption of radionuclides and, finally, their transfer into bottom sediments.

3.4. The effect of the river outflow on the formation of a radioactive fieid in the
north-eastern Black Sea shelf

Ashasbeenalready shown, theinitial contamination of Black Sea surface waters
by Chernoby! derived radioactive products was determined by atmospheric fallout
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and was markedly patchy. The north-western shelf was contaminated to a lesser
degree than the others. So, in June 1986, the radionuclide concentrations of cesium-
137 and cesium-134 in the shelf area ranged between 50-150 and 20-70 Bq/m?®,
respectively, whereas in the south-western and central areas they reached 720 and 360
Bq/m? respectively. At the same time, in the Dnieper-Bug estuary and the adjacent
shelf, cesium-137 concentrations were lower than 100 Bq/m?. The same results were
obtained by Polikarpov in the summer of 1986 (Polikarpov and Kulebakina, 1989).

This enables us to assert that during the period following the Chernobyl
accident cesium radionuclide concentration in the Dnieper waters entering into the
Black Sea waslower than in seawater. Their mixing resulted in the dilution of themore
poisonous seawater with the less active river water, which formed a field of cesium
radionuclide concentration in the shelf zone. Undoubtedly, the process of radio-
cesium uptake onto suspended particles, a large quantity of which was delivered to
the sea with river waters and which rapidly sank to the bottom, was also of
considerable relevance.

The autumn flood of 1986 and, particularly, the spring flood of 1987
contributed greatly to the influx of radio-nuclides to the Black Sea. From our
observations conducted in November- December 1986 and in May-June 1987, the
mean values of cesium-137 concentration in June 1986 reached 107420 Bq/m3, and
in June 1986 these increased to 143163 Bq/m?3. The increase of radiocesium concen-
tration in the waters of the north-western shelf may have been determined by two
factors: first, by the influx of radionuclides with the river waters during floods; and
second, by the transport of more active waters, entrained by the western cyclonic
gyre, from the southern Black Sea.
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Table 3.6
Radionuclides in the Black Sea surface water. Total actvity
(a) (Livingston, et al., 1989)

Sta Bq/m? mBq/m}
NO
Cs-137 | Cs-134 Ru-106 | Ce-144 Pu-239 (b) Pu-238 Am-241 Cm-242
14 - 18 June 1986
3 | 45421 | 1948 le. 1.610.8 2241 0.310.2 0510.1] 2.0+05
7 | 4144 1712 9.511.5 1.610.7 8+1 0.310.2 0.1+0.3| 3.8+1.6
6 | 6412 2041 n.c. n.c. n.c. nc. n.c. n.c.
9 | 78+2 37+1 le. 05104 743 1.1+0.6 249 0.240.4
10 (19344 93+2 l.e. 23.810.6 1713 3.940.9 2.1+0.7 4443
13 | 4144 1942 3016 6.3104 10+2 0.910.3 145 1043
15 | 5611 27+1 1944 39405 7+1 0.74+0.3 14 64
7 - 13 September 1986
21 | 11843 5611 n.c. n.c. n.c. n.c. n.c. n.c.
22 1119+2 60+1 n.c. n.c. n.c. n.c. n.c. n.c.
23 {14814 7012 ne. n.c. n.c. n.c. n.c. n.c.
19 - 23 September 1986
8| 60+2 29+1 1619 1.740.6 845 05105 0.5+05 | 141
10] 18312 92+1 28+1 15.3104 9+1 22404 2+1 2642
24 (250+2 |12641 4742 2141 1241 28405 1.610.5 | 3413

(a) = Data reported as either Bg/m? or mBq/m 3 (=10 Bq/m ) and recalculated for 1
May 1986. All the data are given with the error beingindicated, which includes one
sigma counting uncertainties and an uncertainty associated with the large volume

cartridg:e collection efficiencies as described in (Larsen, 1984).

(b) = Total amount of Pu-239 and Pu-240.

n.c. = Not collected; i.e. at these stations, only Cs cartridge date are available.
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Table 3.9 presented in (Polikarpov et
al., 1991) gives a picture of the variation of
general cesium radioisotope concentration
in the Dnieper waters. In 1986-1988, cesium
concentration throughout the Dnieper
watershed was lower than on the north-
western shelf. As well as the data submitted
in Table 3.9, it is necessary to note that the
concentration of cesium-137 and cesium-
134 in the lower reaches of the Dnieper in
April-May 1987 increased by 1-2 orders, as
. compared to March. This was induced by
28° 32° 36° E the spring flood.

46°

44°

4P

Fig. 38, 137 distribution in urf; .
wgtesrfof(t:hs; v?les(tjent\ Blagk Sea intl;sns; 19a8c6(.a It may be noted that during the ﬂ_OOd
1= less 100 Bq/m?; 2=100-200Bq/m?; Of 1988 some increase of cesium
3=200-300Bq/m*;  4=300-400 Bq/m’; concentration was also observed in the
5=400-500Bq/m’;  6=500-600Bq/m’; Dnieper waters. The results of research
7 = more 600 Bq/m’. carried out by MHI, Ukrainian Academy
of Sciences, in 1987-1991 on the north-western shelf, permit us to assert that during
the periods following the spring floods of 1987 and 1988, no increase in cesium
radionuclide influx in the Dnieper waters was observed. The same was confirmed in
(Polikarpov and Kulebakina, 1989; Polikarpov et al., 1991). Figure 3.15 shows the
dynamics of cesium-137 concentration wvariation in the Dnieper, Dniester and
Danube estuaries, and near the north-western coastline of the Crimea (C.
Tarkhankut). The temporal variability of cesium-137 concentration in the surface
waters along the meridional section at 31° 15' E is given in Figure 3.16. It is seen from
the data that during the three years after the Chernobyl accident, the major fraction
of cesium radionuclides delivered to the north-western Black Sea was removed
from the surface layer by mixing processes, diffusion, scavenging, etc. In August
1991, cesium-137 concentration in surface waters of the north-western shelf and the
adjacent deep sea area varied within 8-46 Bq/m? (Fig. 3.17).

In the area not affected by river outflow, the cesium-137 concentration
was somewhat higher. This implies that seawaters with a high radiocesium
concentration were diluted with the less contaminated river waters. This is
confirmed by the linear dependence of cesium-137 concentration and seawater
salinity (Fig. 3.18). The mean value of cesium-137 concentration in the north-western
Black Sea area in August amounted to 2748 Bq/m?®, which differed slightly from the
pre-Chernobyl level of 19.611.1 Bq/m? (Vakullovsky et al., 1980; 1982).

Quite a different situation was reported for strontium-90 delivered with
riverine waters. The release of strontium-90 into the atmosphere as a result of the
Chernobyl accident reached a level of 3.5 - 10° Ci (Information, 1986). It was one order
less than that of cesium-137. The geochemistry of strontium radionuclides in the
water system, and its biologic activity differed from cesium-137 behaviour, which
determined the variation in the ratio of these radionuclides in the Crimea coastal
waters (Fig. 3.19) (Kulebakina and Polikarpov, 1991).
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Fig. 3.9. The distribution of Cs-137 concentration in the Black Sea surface waters. December, 1986. (See
Fig. 3.8 for denotements).

For four years after April 1986, Polikarpov, in co-operation with his colleagues,
carried out investigations involving radiostrontium inputs to the waters of the
Dnieper and Danube and observed the effect of this process on the formation of a
strontium-90 concentration field on the north-western shelf (Polikarpov and
Kulebakina, 1990; 1991; Polikarpov et al., 1991). In 1986, according to the data
compiled by these authors, the level of strontium-90 concentration in the Black Sea
surface waters varied from 16.6 to 157 Bq/m?. The maximum concentrations observed
in June 1986 in the western Black Sea were 5 times lower than the cesium-137
concentrations. Approximately the same results were obtained by Nikitin et al, (1988)
in October of 1986.

In 1986-1988, the dynamics of Sr-90 concentration in Dnieper waters may be
seen from the data submitted in Table 3.9 from the paper (Polikarpov et al., 1991). In
September 1986, in the Dnieper-Bug estuary and the lower reaches of the Dnieper,
the strontium-90 concentration was within the range of 20.4 to 21.1 Bq/m?. It was
higher than that of cesium-137 (Kulebakina and Polikarpov, 1991).

The peak concentrations of strontium-90 in the waters of the Dnieper lower
reaches were observed during the period of the spring flood of 1987 when the values
of the concentration in the Kakhovsky reservoir attained 910 ~ 992 Bq/m?. In 1988,
radio-strontium concentration in the water of the lower reaches of the Dnieper
varied from 192 to 289 Bq/m®. In 1989, it ranged from 211 to 282 Bq/m? in the
Kakhovsky reservoir and between 290 and 341 Bq/m?® near Kherson. Figure 3.20
illustrates the dynamics of strontium-90 concentration variation in the Dnieper,
Dniester and Danube estuaries.

The data collected in 1986-1989 were used by Polikarpov et al. to assess the
amount of strontium-90 delivered with the Dnieper waters into the Black Sea



Cencentration of cesium isotopes in the coastal waters
of several settlements of the Crimea in 1986

The site of Date Concentration, Bq/m3
sampling Cs-137 Cs-134
stl. Frunzenskoz | 16.09.1986 260 120
Eupatoria 09.09.1986 320 170
stl. Nikolaevka 09.09.1986 410 200
stl. Laspi 02.09.1986 650 320
Yalta 16.09.1986 340 200
Alushta 24.09.1986 280 140
Kerch 30.09.1986 90 40
Sevastopol 15.08.1986 570 260
05.09.1986 560 280
24.09.1986 260 130
09.10.1986 200 100
15.10.1986 220 110
10.11.1986 180 80
14.11.1986 180 80

(Table 3.10) (Kulebakina and Polikarpov, 1991). The total input of strontium-90
during this period reached 1726 Ci. It was approximately 0.5% of the total amount of
strontium released into the atmosphere as a result of the Chernobyl accident.

According to our data, strontium-90 concentration in the Dnieper water at the
mouth of the estuary in 1990 and 1991 reached 140 and 111 Bq/m?®, respectively. Thus,
during the last two years about 440 Ci of strontium-90 penetrated the Black Sea, as
well as the amount given in Table 3.10.

The results of the investigations conducted by Kulebakina in the Danube
estuary are reported in (Kulebakina and Polikarpov, 1990). In 1986, cesium-137 and
strontium-90 concentrations in the Danube estuary changed from 25.9 to 118.4 and
from 40.7 t0 66.6 Bq/m?, respectively. In 1987, the corresponding values were 14.8 and
11.1 Bq/m3. The Chernobyl accident resulted in an increase in cesium-137 and
strontium-90 concentration in the Danube waters. The same conclusion was a made
by the other investigators. In 1986, Yugoslavian and Hungarian scientists observed
afive-fold increase in the concentration of Ru-106, Cs-134 increased 10 fold, and Ru-
103 and Cs-137 increased up to 100 times (Conkic et al., 1989). From the data of
Yugoslavian (Ajdacic, Martic, 1989) and Austrian (Rank et al., 1988) investigators the
cesium-137 concentration in the Danube bottom sediments increased by two orders
(up to 2000-3000 Bq/kg), and that of strontium-90 increased by one order (5 - 30

Bq/kg).
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In thespring of 1988, themean values %
of radionuclides in the Danube waters
reached 11.84 - 3.33 Bq/m?® for strontium- 30 June 1986
90 and 14.8 - 9.25 Bq/m® for cesium-137 [
(Kulebakina and Polikarpov, 1990). The 20
authors noted that cesium-137 concen-
tration in the water depended upon the

10 ]
amount of suspended matter, whereas for
strontium-90, such a dependence was not

observed (Fig. 3.21). 0 100 300 500 700 Bq/m’

Q

In August 1991, the investigations of A
strontium-90 concentration in the gg
Dnieper-Bug estuary and in the north- December 1986
western Black Sea (Fig. 3.22) were carried
out. The peak values of strontium radio- 40
nuclide concentration reached 107 Bq/m?,
being observed in the Dnieper estuarine 20~
lakes. At the same site, the minimum
salinity was also observed, i.e.,, the ¢ oy
maximum dilution of the seawater by 100 300 500 Bq/m®
the Dnieper waters occurred. Away from 'Flg. 3.10. Distribution of Cs-137 concentration
the Dnieper estuary, the water salinity in in Black Sea surface waters in June and

<o . . December 1986.
the adjoining brackish waters increased
and strontium-90 concentration decreased, being 77 Bq/m® at the mouth of the

estuary. Thus, the dependence of radiostrontiuin concentration on water salinity is
of a character quite opposite (o that of cesium-137 (Fig. 3.18). This points to different
mechanisms responsible for the formation of cesium-137 and strontium-90 concen-
tration in the western Black Sea shelf and in the Dnieper-Bug estuary, It is worth
noting that the formation of the radioactivity field of the region investigated is also
affected by the Danube river. From our estimates and the estimates of the other
investigators, the removal of strontium-90 from the Danube waters in 1987-1988
amounted to 130 - 220 Ci. During later years it decreased to 50 - 100 Ci.

—

The effect of the Dnieper and the Danube discharge on the formation of the
surface concentration field is readily seen in Figure 3.23, which illustrates the
latitudional distribution of strontium-90 in the Black Sea. The increase of radio-
nuclides in the western part of the section along 45 20 N is determined by the delivery
of Sr-90 with the Danube waters. In the deep-water area of the sea, not impacted by
theriverine waters, Sr-90 distribution in the surface layer is fairly uniform Its concen-
trations vary between 2 and 4 Bq/m® (Fig. 3.22).

3.5. Vertical radionuclides transport in the south-western Black Sea

Man-made radionuclides entering the sea, depending on their individual
chemical properties, the form of entry, etc., participate in the processes of the given
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Fig. 3.11. Location of sampling stations and Cs-137 concentration in Black Sea surface waters in June
1987. (See Fig. 3.8 for denotements).
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Fig. 3.12. Sr-90 concentrations (Bq/m?) in the Black Sea in 1988 (Polikarpov, et al., 1991).

physico- chemical system. One of the most important physico-chemical processes in
seawater is the scavenging of readily-sorbed nuclides by suspended particles and
their further coalescence into larger particles which sink more rapidly. This process
is the principle mechanism of transportation for most radionuclides from the surface
waters into deep water-layers (Fowler and Knauer, 1986). Man-made radionuclides
are the ideal tracers for the study of these processes (Fig. 3.24).

The work carried out by Buesseler et al. (1990¢) in 1986-1987 dealt with the rate
of transfer of Chernobyl-derived radionuclides into the deep layers of the Black Sea.
Observations were carried out in 1986-1987 in the south-western area of the sea. This
was the only work of this kind carried out in the Black Sea after the Chernobyl
accident. Below we give a detailed account of the results that the authors obtained.

53



46°

44°

42°

28° 32° 36° 40° E
Fig. 3.13. Cs-137 concentrations (Bq/m?) in the Black Sea in 1988 (Polikarpov, et al., 1991).
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Fig. 3.14. Isolines of the Sr-90/Cs-137 ratio in the Black Sea in 1988 (Polikarpov, et al., 1991).

From these observations, the concentration of isotopes in the water, together
with suspended partlculates and sediments, were determined as follows: cesium-134
(Tm =2.07 years), cesium-137 (T, ,= 30.17 years), ruthenium-106 (T,, = 1.02 years) and
cerium-144 (T,, = 0.78 years). Cesium isotopes in the sea-water exist in the form of
ions, hence, their distribution should be basically controlled by the physical mixing
processes. Ruthenium and cerium, due to their chemical properties, tend towards
absorption, therefore their distribution should be controlled, largely, by scavenging
and transfer of settling particulates.



Table 3.8
Average concentration of cesium isotopes in surface waters
of the Black Sea in 1986-1991
Period Region Number | Concentration, Bq/m® Ratio
of Cs-134 to Cs-137
samples | Cs-137 | Cs-134
14 Jun- The western Black Sea, 34 274171 136186 0.5:0.05
26Jul 1986 | including the north- 20 107+20 5619 0.53+0.02
western and south- 14 284+191| 143100 0.501+0.05
western areas
23Nov- The Black Sea in general, 80 152473 70+38 0.4310.06
25Dec. 1986 | including the eastern, 24 102439 45+15 0.43+0.06
western, north-western, 56 177480 81141 0.4310.05
and south-western sections 32 143163 57+19 0.4310.05
24 195483 94147 0.4310.05
26May- The Black Sea in general, 65 108469 28117 0.26+0.10
16 June including the eastern, 28 119483 30+21 0.2610.11
1987 western areas 37 9647 25+13 0.2610.09
13-29 Sep. | The Eastern Black Sea 25 180£114 | 49438 0.2410.12
1987
8-13 Aug. |Thesouth-western Black Sea| 9 174427 4719 0.2710.10
1987
5-23 Apr. | The western Black Sea 35 126475 37421 0.29+0.11
1988
2 Jul-30 Oct.| The western Black Sea 18 100+£67 1849 0.1940.11
1988 '
2Apr- The central and western 180 80149 1647 0.2240.12
14May Black Sea
1989
24 June- The central Black Sea 40 46441 9.418.6 -
10 July 1989
16-23 June | The central Black Sea 10 5216 6.612.0 -
1990
26 Sep- The central Black Sea 67 27+8 27419 -
29 Oct.
1990
18-23 June |The north-western Black Sea| 17 1618 - -
1991
13-22 Aug. | Dnieper-Bug estuary 80 16.616.6 - -
1991
8-29 Sep. |The central Black Sea 81 17.2¢85| - -
1991

The sampling was performed in three stages: (i) the installation of the sampling
traps for the settling suspended particulates on June 18, 1986; (ii) the recovery of the
first samples from the traps on September 19, 1986; and (iii) the recovery of the last
traps on May 12, 1987. The traps were installed at - 41°51' 22" N, 30°21'15" E, about
80 miles off the Turkish coast. The depth of the traps was 1070 m, their sampling
range was 1.2 m2 For the second series of experiments, a trap, 0.5 m? in size was
installed at a depth of 250 m. The period of sampling was 7.5 days (June-September,
1986) and 19 days (September 1986 - May 1987).
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Activities of Sr-90 and Cs-134, 137 in the Dnieper

Table 3.9

(Polikarpov, et al., 1991)
The site of Date Sr-90 Bq/l Cs-134,137 Bq/!
sampling
The Kakhovsky reservoir July 4, 1986 0.09810.016 N.a.
Novaya Kakhovka August 24,1986 0.05810.012 0.01110.001
September 6,1986 | 0.06110.012 0.01840.002
November 4,1986 | 0.05010.010 0.07410.002
July 8,1986 0.02010.002 0.01010.001
Zolotaya Balka August 29,1986 0.07610.014 0.01110.001
November 13,1986 | 0.42610.003 0.01510.001
July 5,1986 0.026+0.008 0.017+0.001
Nikopol’ August 25,1986 0.12310.018 0.004+0.001
September 5,1986 | 0.19810.021 0.01540.001
November 12,1986 | 0.53710.003 b.d.
July 8,1986 . 0.082+0.014 0.01240.001
August 25,1986 0.69610.031 0.022+0.002
September 3,1986 | 0.53210.029 b.d.
November 6,1986 | 0.858+0.034 b.d.
Zaporozhsky (Dnieper) reservoir
Dniepropetrovsk March 24,1987 0.747+0.030 0.02210.002
Kakhovsky reservoir
Novaya Kakhovka March 19,1987 0.66610.027 b.d.
Zolotaya Balka March 23,1987 0.629+0.028 0.02310.002
Nikopol’ March 23,1987 0.99240.040 0.003+0.001
Zaporozhie March 25,1987 0.85410.034 0.0041+0.001
Dnieper, Kherson March 20,1987 0.651+0.029 0.07410.002
The Dnieper-Bug estuary
Golaya Pristan’ March 21,1987 0.53310.029 0.003+0.001
Rybachie March 21,1987 0.18510.021 0.00740.001
Geroiskoe March 21,1987 0.18510.021 0.03740.002
Pokrovsky Khutora March 21,1987 0.363+0.024 0.0040.00
Chernobyl cooling lake April 21,1988 20.23940.810 21.70410.150
(the upper part)
Pripyat’ river, April 21,1988 9.620£0.673 3.11240.028
Kopachi, the old waterbed
Nikopol’ May 4,1988 0.28140.002 0.111+0.001
Zolotaya Balka May 10,1988 0.400£0.002 0.04410.002
Novaya Kakhovka May 11,1988 0.433+0.003 0.04110.002
Dnieper, Kherson May 13,1988 0.407+0.002 0.182+0.002
The Dnieper-Bug estuary .
Rybachie May 13,1988 0.41410.002 0.24810.002
Geroiskoe May 13,1988 0.39210.003 0.04810.002
Pokrovsky Khutora May 13,1988 0.412+0.003 0.052+0.002

N.a. = no analysis
b.d. = below detection.
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Fig.3.15. Dynamics of Cs-137concentration near the Fig.3.16. Dynamics of variation of Cs-137
estuariesof the Dnieper (2), Dniester (3), and Danube concentration in Black Sea surface waters
(4) rivers and C. Tarkhankut (Crimea) (1) in 1986- in 1986-1991 along the meridional section
1989 (Kulebakina and Polikarpov, 1991). at 31°15'E.

For sampling the radionuclides' dissolved and suspended phases, a system
designed to pump through large volumes of seawater (from 200 to 5001 at a rate of
5 1/min.) was used. This system featured a pre-filter (microfilter CUNO-0.45 pm)
cartridge, two MnO, cartridges for cerium-144 sorption and two cartridges with
ferrocyanide sorbent for dissolved cesium isotopes (Livingston and Cochran,
1987). The radiochemical analyses of suspended matter accumulated by the
pre-filter and the trapped particulates were conducted simultaneously. The radio-
chemical analysis of 10-liters of seawater samples was also carried out following the
scheme suggested in (Buesseler et al., 1990a). After a complex radiochemical
analysis, thenon-radioactive components of thesettling matter taken from the traps
were determined. The general flux of the deep-water sediment was then divided into
the following components: carbonate, organic carbon, biogenicsilicon, and lithogenic
matter.

Authors (Buesseler et al., 1990b) determined that the general flux of settling
particles undergoes variations within the year (Fig. 3.25). The maximum flux was
registered in June-July and reached 350 mg/m? per day. During the remainder of
the year the settling particulates flux reached, on average, 38 mg/m? per day. The
minimum fluxes of a few mg/m? per day were observed in September and April. In
the shelf zone, at a depth of 250 m the maximum amount of settling particulates
reached 120 mg/m? per day in January. The authors note that the particles collected
by the deep-water trap during the year underwent both quantitative and qualitative
modifications (Fig. 3.25). Thus, during the summer months of 1986 up to 70% of the
scavenging particulates consisted of carbonates, whereas in October they accounted
for less than 10% in the total flux. The content of carbonates in the total amount of

57



.t_,

] I
Cs-137, Bq/m’
I
(@)

440 . 5 - N 37-0'4 '.5 16 '7 S.o/oo

W
=)
o
O
O
NO
a
O
ml

NN<20 E520+40 ([>40 Bg/m?

Fig. 3.17. Schematic location of sampling sites Fig. 3.18. The ratio between Cs-137 concen-
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Fig. 3.19. Cs-137/5r-90 on the Crimean shelf in  Fig. 3.20. Dynamics of Sr-90 concentration

1986-1989 (Kulebakina andPolikarpov, 1991). variability in the estuaries of the Dnieper,
Dniester and Danube rivers and near Cape
Tarkhankut in 1986-1989 (Kulebakina and
Polikarpov, 1991).

settling particles varied from 17 to45% during winter months. The content of organic
carbon varied from 5 to 30% throughout the year. Biogenic silicon constituted a
small fraction of the total mass (<10-20%) during the year, except for February and
March, when its content increased to 50%. The percentage of lithogenic matter was
not high during the summer period (2-15%). It increased at the end of the first
period of investigation to 47%. During the winter months it rose to 20-40%.
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Table 3.10
Delivery of strontium-90 into the Black Sea with the Dnieper waters
(1986-1989) (Kulebakina and Polikarpov, 1991)
Years The Dnieper Mean Sr-90 input
outflow concentration, 10"? Bq/m’
km? Bq /m’
1986 21.0 51.8 1.09
(May‘DGC-)
1987 37.1 407.0 14.681
1988 45.8 289.0 14.015
1989 339 290.0 9.908
Total:  39.694

The authors noted that all the isotopes determined were highly active in the
first sample (19-26 June) suggesting the fast transfer of radionuclides into the deep
waters (Table 3.11).

The cesium-137 activity in the deep-water trap decreased in the first series of
measurement from 1.9 to 0.5 Bq/g. In the second series (October-May) cesium-137
concentration varied between 0.2 - 0.7 Bq/g both in the deep-water and shallow-
water traps. The Cs-134/Cs-137 ratios during the summer months of 1986 fell within
0.45+0.05 confirming the Chernobyl origin of the radionuclides. Also, during the
winter months the Cs-134/Cs-137 ratio reached 0.2-0.3, which pointed to the mixing

of Chernobyl cesium-137(Cs-134/Cs-137 =0.53) and previous global fallout (Cs-134/
Cs-137 = 0).

The activity of Ru-106 in the deep-water trap in June-August 1986 varied
between 7-10 Bq/g. The peak values of ruthenium-106 concentration were observed
in October 1986. During the period between October and January a sharp decrease of
ruthenium in the sedimenting matter occurred, the values being lower than the
equipment could measure (<0.5 Bq/g).

Fig.3.21. The dependence of Cs-137 and Sr-90 concentrationin the Danube waterson the content
of suspended matters (water transparency is given in metres) (Kulebakina and Polikarpov, 1990).
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It may be noted that the content of cerium-144 in the deep-water trap varied
between 4 and 11 Bq/g during the summer months with the peak activity at late July
- early August. In September-November 1986 cerium-144 activities were fairly
uniform (7-8 Bq/g), decreasing gradually to 34 Bq/g in December and January.

On the basis of the results obtained, the authors estimated radionuclide
distribution density in the water, radionuclide flux with settling particulates, and the
tracer removal time. During the year that the sediment trap was deployed at this site,
the total flux of Chernobyl tracer in the deep trap was 16, 127 and 96 Bq/m? for Cs-
137, Ru-106 and Ce-144 respectively (Table 3.13) (Buesseler et al., 1990b).

Proceeding from the fact that in June Chernobyl-derived radionuclides were
detected in the sinking particulates, the authors estimated the minimum settling
velocity of tracer-carrying particles (20 m/day). At the same time Hay (1987)
estimated the velocity of motion for sedimentating matter was 65+22 m/day during
the summer season in the adjoining Black Sea area. From the data of other
investigators the velocity of particles settling in the Mediterranean, North Sea and in
the Pacific Ocean, calculated from the velocity of the particles' penetration to
Chernoby! signal depth may range from 18 to 200 m/day (Fowler et al., 1987;
Kempe, Nies, 1987; Kusakabe et al., 1988).
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Fig.3.22, Thedistribution of Sr-90concentration ~ Fig.3,23, The latitudinal distribution of Sr-90 in
in Black Sea surface waters and in the Dnieper ~ surface waters of the north-western Black Sea
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Fig.3.24, Physicochemical processes in the Black Sea.

A: Atmospheric fallouts were the major source of new radionuclides input to this basin.

B: The Danube and Dnieper rivers play an important role in the delivery of dissolved and sorbed
radionuclides. These rivers also contribute to theformation of low salinity in the surface layer.

C: Surface waters. Because of the differences in density, these waters are almost completely isolated
from deep waters. While the surface waters are highly productive, the deep waters (D) are virtually
dead.

E: Because of the strong salinity gradient, the surface oxic waters remainisolated from the anoxic deep
waters.

F: Large particles produced in the surface waters can rapidly sink to the depths at speeds of 50 to 100
m/day. This settling matter was sampled by sediment traps (G), deployed at fixed depths.

H: The interface between the oxic surface waters and the anoxic deep waters is a site for the chemical
transformation of some elements, For instance, geochemistry of many trace elements may be directly
orindirectly connected with chemical transition through this interface. It may strongly affect the rate
of the removal (scavenging of the element, and its transport across the s-layer (Buesseler, 1987).

3.6. Distribution of cesium radioisotopés in the decp waters of the Black Sea

It has already been shown that the vertical transfer of radionuclides taken up by
the settling particles occurs rapidly — from the estimates of various investigators the
velocity of the transfer was 20 - 200 m/day (Buesseler et al., 1990; Fowler and Nies,
1987; Kusakabe et al., 1988). Apparently, further re-mineralization of the scavenged
radioisotopes in deep waters resulted in their conversion to theionic state, The main
processes ensuring the transport of the ionic form of radionuclides, (in particular, of
cesium radionuclides) however, are vertical mixing and circulation.
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Table 3.11

The content of radionuclides in the Black Sea settling material

(Buesseler, et al., 1990b)
The The total flux, | Cs-137 Ru-106 Cs-134
number Date mg/m?'day | +error terror * error
of the Bq/g Bq/g Bq/g
sar-ple
The deep-water trap: 1070 m — Seria 1: June 1986 - September 1986
1 19-26 June 18.9 1.90+0.20 { 10.1x1.7 5.2+1.1
2 26 June-4 July 232.1 1.7240.11 7440.6 42403
3 4-11 July 356.9 1.8840.12 8.8+ 0.6 6.510.4
4 11-19July 184.7 1.4310.10 7.8+0.7 8.110.6
5 19-26July 230.9 1.5740.10 9.740.8 10.8+0.7
6 26 July-3 August 45.8 0.9240.18 9.1+1.6 10.9£0.9
7 3-10 August 15.2 1.06:0.41 7.0£3.2 9.6+2.7
8 10-18 August 16.2 1.48+0.38 6.742.3 4.8+1.2
9 18-25 August 30.3 0.5530.20 | 13.1%2.6 3.611.1
10 25 August-2 September 2.7 b.d. b.d. b.d.
1 2-9 September 20 b.d. b.d. b.d.
12 9-17 September 14 b.d. b.d. b.d.
Seria 2: September 1986 - May 1987
1 26 September-15 October | 55.4 0.45+0.03 17.7£ 1.1 7.240.5
2 15 October-3 November | 55.2 0.68+0.05 | 154%1.0 7.810.5
3 3-22 November 317 0.3810.03 | 11.340.7 7.5+0.4
4 22 Nov.ember-11 Dec. 61.2 0.32+0.02 6.7+0.5 54403
5 11-30-December 779 0.200.02 2.610.2 3.340.2
6 30 December-18 Jan.uary | 26.4 0.38+0.03 1.040.3 44103
7 18 January-6 February 13.6 b.d. b.d. b.d.
8 6-25 February 11.3 b.d. b.d. b.d.
9 25 February-16 March 9.3 b.d. b.d. b.d.
10 16 March+4 April 414 0.20+0.02 bd. 0.3+0.2
1 4-23 April 1.0 b.d. b.d. b.d.
12 23 April-12 May 0.6 b.d. b.d. b.d.
The shailow-water trap: 250 m — Seria 2: September 1986 - May 1987
1 26 September-15 October| 5.7 b.d. b.d. b.d.
2 15 October-3 November 28 b.d. b.d. b.d.
3 3 -22 November 41.1 0481005 | 11.1£1.0 15.5:0.9
4 22 November-11 Dec. 230 0.1840.05 40408 8.9+0.8
5 11 - 30 Deceraber 10.9 0.3310.05 4.9+1.0 17.841.2
6 30 Dec.-18 January 116.0 0.2010.01 1.440.2 6.110.3
7 18 Jan.-6 February 118.6 0.1910.01 0.810.1 3.110.2
8 16 - 25 February 24.0 b.d. b.d. b.d.
9 25 Febr.-16 March 37 b.d. b.d. b.d.
10 16 March4 April 1.2 b.d. b.d. b.d.
11 4-23 April 11 b.d. b.d. b.d.
12 23 April-12 May 2.6 b.d. b.d. b.d.

All the activities are decay corrected to May 1, 1986. Specific activities reported as Bq/g dry weight, with one sigma counting

errer.

b.d. = below detection, L.e. insufficient sample mass and activity by gamma procedures.
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The investigations carried outin September 1986 at station 24 (Fig.3.7), north
of the Bosporus, demonstrated that the concentrations of cesium-137 and cesium-134
in the upper mixed layer were practically uniform. Below the seasonal thermocline
the levels of cesium-137 concentration were comparable to the pre-Chernobyl values
(Fig. 3.26) (Livingston et al., 1989). The absence of ionic forms of cesium transported
below the mixed layer was also confirmed by the absence of cesium-134. Similar
results were also obtained in December 1986 at the station run in the north-western
Black Sea (Fig. 3.27). The peculiar feature of these profiles was the elevated (as
compared with pre-Chernobyl levels) concentration of Cs-137 below the maximunt
density gradient layer and the presence of Cs-134 at these depths, whose concen-
tration decreased to zero at depths greater than 125 m.

The analysis of the measurements of cesium radioisotope concentrations in the
western area of the Black Sea had suggested that their high concentration in the
surface waters was caused by atmospheric fallouts and may be considered as the
primary contamination. The role of the river run-off immmediately after the accident
(atleast until the autumn flood) was insignificant. The delivery of radionuclides with
the riverine waters became apparent in the autumn of 1986, and in particular, in the
spring of 1987. This was the most significant feature in the explanation of variations
in the vertical structure of cesium distribution during the subsequent years.

The results of investigations of the vertical distribution of cesium-137 and
cesium-134 in Black Sea waters in August, 1987 and April-May, 1988 (Fig. 3.28)
suggested the presence of maximum undersurface radionuclide concentrations at



Table 3.12
Summary of surface water and trap flux data (Buesseler, et al,, 1991b)

Total activity range (a)
June Sept. May Part./Tot. | Water Trap Tracer T,
Isotope 1986 1986 1987 (%) inventory tot.flux (year)
(Bq/m®) | (Bq/m’) | (Bq/m?) ®) (Bqm?) (Bq/m? year) 0}
Cs-137 40-140 120-360 60-90 0.1-0.3 3700-11000 16 230-690
) an (10 (5) ©
Ru-106 18-75 17-80 1220 23 3700-11200 127 29-90
4 3 vl 3) (d)
Ce-144 2-13 12-16 <1 9-11 3300-9900 9% 34-103
&) 2 3 v (e)

a

Activity data decay corrected to 1 May 1986. Numbers in parentheses below activity range represent number of stahons
analysed. See Fig.3.7 for station locations.

b= Farticulate data from September 1986 cruise.

c= Estimate of Cs-137 water inventory range from vertical Cs-137 profiles in 1986 and 1987 (n=4, unpublished data).

d= Estimate of Ru-106 water inventory range from 1986 vertical Ru-106 (n=2), and the observation that the total inventory
Ru-106/Cs-137 ratio=1. This is consistent with Chernoby! input ratios determined in a Turkish soil sample.

e= Estimate of Ce-144 water inventory is based upon Turkish soil (i.e. input) Ce-144/Cs-137 ratio of 0.9,

f= Tracer removal time estimates are from total trap flux and water column inventories, i.e. inventory/flux (flux was
calculated over the 11 month duration of the two trap deployments.

depths of 20-50 m at practically all the stations. These peak values exceeded concen-
tration in the surface layer at some stations.

Similar variations in the fine vertical structure of the cesium radioisotope con-
centration field may be linked with two processes: (i) the decrease of cesium input
from the atmosphere, and (ii) the influence of riverine waters with lower radionuclide
concentration upon cesium concentration in the surface layer of the sea.

Similar investigations of cesiuin radioisotope vertical Jistribution were carried
out by American and Turkish scientists in 1986 and 1987 at two stations (station 24 in
Fig.3.7,in the near-Bosporus area ata depth of about 500 m and station 10, in the deep-
sea area, where the depth was 2100 m) (Livingston et al., 1989). Station 10
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Fig.3.26. The vertical profiles of salinity (S%o), temperature (°C) and Cs-137 (Bq/m?®) at station 24
(Fig.3.7) in September 1986. Cs-134 (not shown) levels are zero below the surface mixed layer
(Livingston, et al., 1989).



investigations were repeated at two other ; - 3
stations (st.9 and 19) during the cruise of the cone ent;gt ton of 12; 137, Ba/m
R/V KNORR in June 21-July 8, 1988 0 v ' .
(Buesseler et al., 1991). The vertical
distribution of Cs-137 and the Cs-134/Cs-
137 ratios, as well as the vertical profilesof g
salinity, temperature and dissolved oxygen o
for these stations are shown in Fig. 3.29. g
(%
A

Cs-137

In the opinion of the authors,

Chernobyl radiocesium, (determined from
the presence of Cs-134 at deep-water station 100t
10 in 1986), did not penetrate deeper than
50 m (Fig. 3.29). The depth resolution and
sensitivity used for the determination of
the Cs-134/Cs-137 ratio turned out to be
insufficient for the depth of Chernobyl
tracer penetration to be determined more Fig 3,27, The vertical profiles of Cs-137 and Cs-
precisely. The concentrations of Cs-137 134inthenorth-western Black Sea at station 44
amounted to 10-11 Bq/m? in Cs-134-free 30'N, 31 40”E (25 December, 1986).
waters, which is in keeping with the pre- .
Chernobyl levels (Vakulovsky et al.,1980). Station 24 in the upper 50 m of radio-
cesium distribution proved to be similar: strong Chernobyl signal in the mixed layer,
slight presence of Cs-134 at 50 m and absence of cesium at 80 m. CTD-temperature
data confirmed that the summer thermocline was at 35 m. The essential differences,
however, were registered at this station at depths below 100 m. A sample from a
depth of 150 m had theratio Cs-134/Cs-137 =0.1310.08 and water samples retrieved
frombelow and above this depth level contained no Cs-134. From the Cs-134/Cs-137
ratio and the maximum presence of oxygen at a depth of 110 m (Fig. 3.29b) the
authors deduced the presence of a subsurface layer with the same features as surface
waters at the intermediate depths.

The data obtained in May 1987 demonstrated the deeper penetration of the
Chernobyl Cs-labelled waters. At station 10, the ratios of Cs-134/Cs-137 close to
0.53 were observed at a depth of 65 m (Fig. 3.29¢). Incidentally, at a depth of 150 m
the subsurface peak of Cs-134 with the ratio Cs-134/Cs-137 = 0.4140.08, which
corresponded to the oxygen peak at a depth of 135 - 145 m, was registered.

The data compiled by Buesseler et al. (1991) in 1988 showed that penetration of
Cs-134 was observed up to 150 m at least, which agrees with our data. The results of
investigations carried out by various authors proved that between 1987 and 1988 the
depth of penetration of Chernobyl cesium reached 85 ~ 100 m. The vertical
propagation of the Chernobyl signal was, apparently, controlled by the physical
processes of mixing and was not connected to the transport of particles. This was due
to the following: (i) the total concentration of Cs in particulates determined for the
deep area of the Black Sea was insignificant (<0.2%); (ii) the trap deployed at station
10showed that less than 0.1% of Cs-137 which had entered into the upper water layer
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Fig.3.28. The vertical profiles of Cs-134 (a), Cs-137 (b), and theratio of CS-134to  Cs-137 (c}in the Black

Sea waters in August, 1987 (1-3) and April-May, 1988 (4-6):
1=42°53'N 29°30' E; 3 =43°01"N,28°44' E;
2 =42°58.6' N,29°03' E; 4 = 43°00' N,32°07.5' E;

was transported during the settling out process of the large particles during the year
following the Chernobyl accident (Livingston et al.,1990).

The penetration of the Chernobyl cesium into deep anoxic waters was due to
physical processes that rapidly transport and mix surface waters at intermediate
depths. Strictly vertical advective processes are not likely because of the steep
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Fig.3.28, (continued)
5=43°30'N,37°00' E; 6 = 43°30'N,40°45' E.

vertical density gradient. Using the results of vertical distribution of Cs-134/Cs-137
ratios in 1986-1988, the authors calculated thatin 1988, Chernobyl cesium-137 reached
20-38% at station 10 at a depth of 65-85 m (Cs-134/Cs-137 = 0.15-0.20) and 15-27% in
waters between 85 and 150 m (Cs-134/Cs-137 = 0.08-10.14) (Buesseler et al., 1991). The
results of investigations cited above, showed that the waters between 50 and 150 m
in the interior waters of the Black Sea may be rapidly ventilated by the surface waters
through entrainment and lateral isopycnic transport. Being a conservative tracer of
surface water of recent origin, the Chernobyl cesium appears to be ideal for studying
this process.

Figure 3.30 shows the vertical profiles of cesium-137 concentration derived in
June-July 1989 in the eastern Black Sea. During the investigations the cesium-134
concentration in seawater was near the limit of equipment sensitivity. It was
impossible to determine the vertical course of its concentration with sufficient
confidence.

The common specific feature of these profiles is the presence of maximums at a
depth of about 50 m and 100-150 m. The structure of cesium concentration'
distribution below 50 m is similar for all the profiles, however, notable discrepancies
in the net concentration occwred (it essentially increased from the central areas of the
eastern gyre toward its margin).
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The 1986 data are shown for Sta.10(a) and 24(b), the 1987 data for Sta.10(c) and 24(d), and the 1988 data
for Stas 10(e) and 9(f); sec Fig.3.7 for station locations. The salinity datain all years are from bottle casts;
potential temperaturedata are from the CTD, and oxygen profilesin 1986 and 1987 are from an oxygen
probe on the Turkish CTD package. N ote that the oxygen zero is offset, due to calibration probleras

with the probe.
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Fig.3.30. The vertical profiles of Cs-137, temperature (°C) and salinity (5%o) in the eastern Black Sea
in June-July, 1989.

1= Sta.4341, 43°50' N, 38°15'E
2= Sta.4347,44°10' N, 36°45' E
3=5ta.4351,44°10' N, 35°45' E
4=Sta.4356,43°10' M, 34°45'E
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The mechanism for generating concentration maximums in cesium vertical
distribution may be described in the following way. During the autumn-winter
period, cesium-137 in the upper mixed layer, (the latter's thickness being greatest at
that time), is uniformly distributed over depth. During spring flood the surface layer
is formed by river waters with lower cesium concentration. This results in the
formation of the maximum subsurface concentration, which, by virtue of the vertical
exchange, propagates into the interior of the Black Sea.

In 1989, differences between the vertical profiles of Cs-137 concentration are
observed, basically in the upper 50-m layer. While on the profile measured by station
4347 in the central area of the eastern gyre, a single maximum of cesium
concentration is readily traceable at a depth of 10-15 m, the structure of vertical
distribution at two other stations (4351 and 4356), which are closer to the periphery,
is rather complicated, with the variations in concentration values being quite large.
This may result from the fact that the processes of vertical exchange, due to great
current velocities and the existence of downwelling areas, are more intensive and
variable at the margin of the cyclonic gyre. The central areas of the cyclonic gyre are
characterized by less intense vertical exchange and by the presence of deep water
upwelling areas. All this facilitates the more intensive transport of cesium-137 into
the Black Sea deep waters along the gyre periphery, which also explains the large Cs-
137 concentrations. These considerations are confirmed by the tendency of the two
lower maximums to deepen in transition from the central areas of the eastern gyre to
its periphery.

Bearing in mind the facts submitted above, it may be supposed thatin 1989, the
lower maximum (100-150 m) on the vertical profiles was formed in the spring-
summer of 1987, and by the summer of 1989 it had attained the observed point over
depth. Themaximum, centered at a depth of 50 m, occurred during the spring of 1988.
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PARTIV

ACCUMULATION OF RADIONUCLIDES
BY BOTTOM SEDIMENTS AND HYDROBIONTS

4,1, Accumulation of anthropogenic radionuclides by
Black Sea bottom sediments

The basic fraction of radionuclides received by a body of water with limited
water exchange, like the Black Sea, is found in bottom sediments. Biogenic
sedimentation scavenging and diffusion are the mechanisms which provide for
radionuclide migration to the sea floor.

The level of radionuclide accumulation depends on multiple factors, primarily,
on the type of bottom sediments and their chemical composition. Salinity is also of
greatimportance. It was shownin (Katkov, 1985) that in seawater having salinity 12.5
part per thousand, the radionuclide accumulation coefficients K, on average, are two
times smaller than in fresh water (Table 4.1).

Table 4.1 lists the accumulation coefficients for two types of bottom sediments
having maximum (silt) and minimum (sand) sorption capabilities.

The migration properties of strontium and cesium radionuclides in the "sea
water - bottom sediments" system of the Black Sea and in the Dnieper River were
investigated by Polikarpov and Lazarenko (1988). On the basis of the shipboard
laboratory experiments involving samples of Black Sea soils and water, the
coefficients of cesium and strontium accumulation by the bottom sediments of

Tabled.1
The sorption capacity of the sea and fresh water soils (silt and sand) vs radionuclides
as a function of salinity (Katkov, 1985)

Radio- Silt Sand
nuclide
Salinity, g/1 Salinity, g/1

Fresh water 25 75 125 Fresh water 25 75 125
Sr-9%0 15 11 7 7 56 17 1.0 13
Sr-90 13 9 4 5 41 15 13 1.1
Zr-95 380 380 266 266 4.6 08 19 20
Ru-106 42 Nn 33 44 42 56 60 28
Cs-137 1980 1980 980 980 21.6 63 93 53

The degree of desorption,%

Sr-90 565158 239+27 40.8150 4461 45 9616 59126 95139 73+10
Sr-90 9216 19.8£ 6.5 46.2111.0 64.5:15.9 3616 75136 78131 98+10
Zr-95 21202 1.010.1 21102 07t 0.2 87430 86130 76123 72427
Ru-106 15.011.8 85104 87110 64108 48115 2917 471410 94174
Cs-137 05101 05401 0.810.1 10101 1011 1712 2243 3616
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Fig.4.1.Relationship betweenspecificactivities  Fig.4.2. Dinamics of the Sr-90 concentration in
of Cs-137 in bottom sedimentsof the BlackSea  bottom sediments of the lower Dnieper and the
shelf area and depth (Kulebakina and Black Sea shelf
Polikarpov, 1991). 1= Black Sea;
2-4= Dnieper-Bug estuary;
5= Kherson; .
6-8=Kakhovsky reservoir.

various composition were measured (Table 4.2). It confirmed that only fresh water
bottom sediments, as opposed to marine sediments are capable of accumulating large
amounts of cesium radionuclides. The value of the accumulation coefficients for fresh
water sediments is almost an order of magnitude larger than the accumulation
coefficients for the marine environment.

The process of strontium-90 accumulation occurs in a slower fashion. The
authors indicate that the oxidation and reduction conditions affect neither the value
of the accumulation coefficients K, , nor the index of radionuclid retaining R, by deep-
water sediments in the sea.

The results obtained by Polikarpov and Lazarenko (1988) have shown that
bottom sediments of the lower reaches of the Drieper River and of the Black Sea shelf,
on the whole, have similar values of K, (30-755 and 31-685, respectively), whereas the
deep-water reduction zone has a smaller cesium-137 accumulation coefficient (from
6 to 101).

During of their study of radioactive fission products accumulated by bottom
sediments as a result of nuclear weapon tests in 1960, Agre and Korogodin (1960)
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Table 4.2
The accumulation coefficients K, and indices (R) for retaining of cesium and strontium
radionuclides by bottom sediments of the lower reaches of the Dnieper River and of the
Black Sea (Polikarpov and Lazarenko, 1988)

The accumulation The index
Site of sampling Depth, in coefficients K, of retaining, R,%

Sr-9%0 Cs-137 Sr-90 Cs-137

The Dnieper between 1 6-16 30-261 50-10 94-99
Zaporozhie and
Kherson including
Kakhovsky reservoir

The Dnieper-Bug 7 20 775 86®-320 | 96-97
estuary

The north-western 20-50 3-6 318-685 9-11 96-97
Black Sea shelf
area (oxidation
zone)

The Black Sea 700-21 2-3 6-101 31020 | 39@.320)
continental slope
and deep-water
through (reduction
zone)

a= Desorption was performed in a water mediuin free of radionuclides
throughout one day.
b= The same operation during eight days.

proposed to use the radiocapacity factor F calculated by the relation F = TI%K!'— '

where K is the concentration coefficient; h is the bottom sediment accumulating
layer (about 3-5 cm in shallow waters and 1 cm at greater depths); and H is the
thickness of the water layer. The estimates of the radiocapacity factor achieved by
Polikarpov and Lazarenko (1988) using their own data and the experimental data
from other sources are presented in Table 4.3. It is seen from these estimates that
cesium radioisotope accumulation by bottom sediments in the Black Sea occurs
mainly on the shelf (10%) which constitutes 1/4 of the Black Sea floor. Concentration
of cesium-137 delivered with river waters into the sea occurs mainly in the area
adjacent to the site, where radioisotopes penetrate into the sea. According to the data
in Table 4.3, strontium-90 response to Cs-137 concentration by bottom sediments is
fairly passive (K = 1).

We have considered above laboratory investigations involving samples of
seawater and bottom sediments. The investigations conducted in 1986 revealed that
the atmospheric fallouts had rapidly reached the bottom (Kulebakina and
Polikarpov, 1991). The distribution of Chernobyl radionuclides in the bottom
sediments of the north-western shelf was patchy, similar to that of the surface waters.
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Table 4.3
The estimates of radiocapacity factor (%) for Cs-137 and Sr-90 inKakhovsky reservoir, the
Dnieper-Bug estuary and various Black Sea areas at different depths
(Polikarpov and Lazarenko, 1988)
Basin Depth, Bottom Radiocapacity factor (F - 100%)
m area, km?
Cs-137 Sr-90
Kakhovsky basin 0-36 2155 30-60 3-6
The Dnieper-Bug 0-5 928 70-80 69
estuary
The Black Sea 0-100 101452 10 10
100-200 11400 3 10
200-500 14610 03 10
500-1000 21220 0.1 10
1000-1500 33480 0.1 10
1500-2000 86571 0.01 10
2000-2100 94557 0.01 10
2100-2200 94557 0.01 10
>2200 16270 0.01 10

Cesium-137 concentration varied from 3 to 122 Bq/ kg of the wet mass. Sometimes the
level of cesium-137 concentration in Black Sea bottom sediments increased by two
orders of magnitude, as compared with the pre-Chernobyi level (Kulebakina and
Zesenko, 1984).

Figure 4.1 displays the data depicting the correlation between cesium-137
concentration in bottom sediments and depth (Kulebakina and Polikarpov, 1991). It
is apparent that radiocesium concentration in bottom sediments decreases with
depth.

The concentration of strontium-90 in bottom sediments in 1986-1987 was less
by an order of magnitude than that of cesium-137, which is consistent with theresults
of laboratory experiments. Figure 4.2 shows the dynamics of strontium-90
concentration variation in the bottom sediments of the lower reaches of the
Dnieper, Dnieper-Bug estuary and the adjoining Black Sea shelf. For Black Sea
sediments, a slight, though steady increase in strontium-90 concentration is
observed.

In August 1991, strontium-90 and plutonium-239, 240 radionuclide
concentration was studied in the bottom sediments of the north-western Black Sea
shelf and in the Dnieper-Bug estuary. It should be shown that the variety of bottorn
sediments was represented by gray silt (60% of samples), sand-containing silt (20%),
sand- and shell rock-caataining silt (20%).
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Fig.4.3. Location of sampling sites and Sr-90
distribution in the upper sediment layer of the
north-western shelf of the Black Sea and of the
Dnieper-Bug estuary in August 1991.

The location of sampling stations
and the strontium-20 distvibution in the
upper layer of bottom sediments are
given in Figure 4.3. Our data have
confirmed the tendency noted by
Polikarpov in 1986-1987 toward
accumulation of radionuclides by
bottom sediments. According to our
data, the minimum concentration of
strontium-90 in the bottom sediments
amounted to 50 Bq/kg of the dry weight,
and themaximum to200 Bq/kg. Itshould
be noted that the highest concentration
of Sr-90 was found in silt, which is in
accordance with the data given above.

We have but scax  'ita on the
plutonium concentration in bottom
sediments (obtainedin August, 1991). The
total concentration of plutonium-239 and
240radionuclides was determined in five

samples recovered in the north-western Black 5ea shelf area. The results are listed in

Table 4.4.

It should be noted that plutonium concentration in the bottom sediments is
only an order of magnitude less than that of strontium, whereas plutonium
concentration in seawater differs by 34 orders of magnitude. Obviously, in keeping
with its chemical properties plutonium is rapidly removed from seawater to bottom

sediments.
Table 4.4
Plutonium concentration in bottom sediments
of the north-western Black Sea shelf
Station Date of Type Pu-239+
number sampling Coordinates of bottom Pu-240,
sediments Bq/kg of
dry weight

16 16.03.91 46°10'N 31°15'E gray silt 39

18 17.08.91 46°20'N 31°30'E silt+sand 2.1

23 17.08.91 46°32'N 32°06'E gray silt 3.7

32 18.08.91 46°20'N 30°45'E gray silt 7.1

35 18.08.91 46°10' N 30°45'E gray silt 6.9
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4.2. The accumulation of radionuclides by sea hydrobionts

Radionuclide involvement with the hydrobiont life cyc<le has a great impact on
both thebehaviorof radioactive productsin seawater and their distributionin diverse
physico-chemical forms, as well as on the duration of their stay in the photic layer of
the sea. Special investigations of the plankton's role in the migration of radionuclides
show the importance of the natural plankton community and individual monocultu-
res in the system of trophic relationships and in the radioizotope sedimentation. The
following pattern was observed : seawater (ionic form)-hydrobiont community —
seawater (suspended form) — bottom sediments (Polikarpov,1964). Plankton
organisms (being the main producers of organic substance in the ocean) accumulate
radionuclides from seawater during bioassimilation, adsorption and biofiltration.

The principal parameter characteristic of hydrobionts' ability to assimilate
radionuclides from seawater is the accumulation coefficient K . By determining its
value under various conditions, one may derive a quantitative characteristic for the
accumulation process of one or another radionuclide. As the laboratory and field
investigations have shown, 5r-90 is rapidly absorbed by seaweeds until it reaches a
state of equilibrium (Polikarpov, 1964; 1980). Thebehavior of Cs-137 is thesame. Table
4.5 provides some data onradioactivefission products accumulation by various algae
in the Black Sea (Ryndino, 1969; Tuomainen, 1986). It is seen from Table 4.5 that Sr-
90 and Cs-137 are accumulated most intensively by various species of brown

seaweed.

Table 4.5

The coefficients of Sr-90 and Cs-137 accumulation by living and dead plants of the Black Sea

in the equilibrium accumulation regime (per unit wet weight)

Name of plant Living Dead Detritus
Sr-90 Cs-137 $r-90 Cs-137 Sr-90 Cs-137
Green seaweed
Bryopsis plumosa - 3.410.2 1.240.1 0.840.2 - 1.810.2
Enteromorpha compressa 0.840.01 1.810.04 124003 | 0.810.2 1.0:0.2 | 0940.2
Ulva lactuca 1.0+1.04 1.6+0.02 111004 | 0.540.03 1.0£0.01] 1.310.2
Brown seaweed
Cystoseira barbata 42.1£20 10.010.6 243+1.8 | 11102 39+14 | 1.8104
Pedina pavonia 25.313.4 11.510.6 186414 | 1.240.2 51104 | 2.810.4
Scytosiphon lomentaria 6.410.2 29402 - - 1.4+3.02] 2.040.2
Red seaweed
Ceramiun rebrum 1.440.01 3.840.02 091002 | 1.110.2 1.740.2 | 1.140.2
Corallina officinalis 3.810.2 6.310.4 25102 | 0.740.2 40104 | 15402
Gelidium latifolium 1.310.03 4910.2 11402 | 1.310.2 26102 | 24404
Phyllophora nervosa 2.240.4 3.940.2 14402 | 11101 1.240.02] 1.610.2
Polysiphonia elongata 2.310.04 - 2010.2 - 1.520.05 -
Flower plants
Zostera marina 2.540.2 1.610.1 33102 | 0.740.1 2140.2 | 1.040.2
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Table 4.6
Chernobyl fallout radionuclides contained in large-sized particles collected at 200 m,
in zooplankton and their faecal pellets (Fowler et al., 1987)

Sample 3 4 5 6 Concentration

(Bq per g dry weight)
Date 26 April- 2-8 May 8-15 May 15-21 May

2 May

Dry weight, g 0.05017 0.05143 0.04206 0.04526 Zooplankton faecal pellets
Radionuclide
Zr-95 <0.3 <0.2 245414 <0.2 nd 14408
Nb-95 <0.2 <0.1 31.8+1.1 <0.2 0.01210.003 nd
Ru-103 <0.2 3.740.2 23.611.0 14.0404 0.2810.06 16.041.9
Ru-106 <0.8 1.1105 54418 3540.7 0.0740.04 5.8129
Cs-134 <0.05 0.4110.05 2.140.2 1.940.1 0.02210.006 3.440.6
Cs-137 0.1540.08 0.8510.08 3.810.3 4.040.1 0.03440.0607 63110
Ce-141 <0.3 1.310.7 12.610.6 11105 0.0240.01 0.910.4
Ce-144 <0.3 <0.2 13.610.7 <0.4 0.1010.05 25413

The atmospheric fallouts of the Chernobyl radionuclides almost immediately
impacted the levels of their concentration in hydrobionts. As has been pointed out,
seaweed serve as indicators of the radionuclide concentration in seawater. This was
confirmed by investigations carried outby Polikarpov and his colleaguesin thelower
reaches of the Dnieper and in the adjoining Black Sea shelf area (Kulebakina and
Polikarpov,1991). Observations of the variation of Cs-137 concentration in sea lettuce
(Ulva rigida) during the summer of 1986 showed that these values varied between
12.76 and 22.2 Bq/kg of wet mass and rapidly decreased following the drop in
radionuclide concentration in seawater. In 1988-1989, radiocesium concentration in
sea algae varied within 0.67 — 6.74 Bq/kg. As in the radioactive products of nuclear
weapon tests (Table4.5), brown seaweed (Cystociera crinita) accumulated cesium-137
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Fig.4.4. Dynamics of Cs-137 concentration in the
Black Sea mussels (1986-1989) (Kulebakina and

Polikarpov, 1991):
1= whole mussel,
2 = soft tissue,

in larger quantities than the green sea-
weed (Ulvarigida). This may beexplained
by the fact that Cystociera is a perennial
seaweed and Ulva rigida is an annual
plant.

Kulebakina and Polikarpov (1991)
studied in depth the various ecological
and biological species of vegetationin the
lower reaches of the Dnieper : i. e. under-
water plants (parrot feather, honwert),
plants whose vegetative organs float on
the water surface (cow lily, nalad, wild
cebery),and amphophytes (commonrud,
great bulrush). It turned out that the
highest nuclideaccumulation coefficients
were observed in thorowort pondweed
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Fig.4.5. Dinamics of Cs-137 concentration in
Dnieper fish (Kulebakina and Polikarpov,

1991):

1 = the whole fish and muscles are indicated

separately;
2 =bones.

1986 X)i 1987X11 1988 Xl 1989

(Potamogen perforliatus) (750-1164-2005),
Canada parrot feather (Myriophylium
verticil) (983-1006-1143-2508) and fennel
leaved pondweed (Potamogeton pee) (1000-
1053).

The same authors point out that a
maximum of Cs-137 concentration in the
plants of the Yuzhny Bug River increased 7-
60 times after the Chernobyl accident. For
example, Cs-137 content in the high rush
(Seiprus lacustric) attained 138 Bq/ kg, which
is a direct result of atmospheric fallouts.

Strontium-90 concentrationinseaweed
increased several times following the
Chernobyl accident. The dynamics of its
accumulation by brown weed (Cystosciera),
for instance, is consistent with the variation
of Sr-90 concentration in water (Kulebakina
and Polikarpov, 1991). The highest levels of
5r-90 accumulation were registered in

pondweed (up to 52.2 Bq/kg). It should be noted that during the intensive fallouts,
(as should have been anticipated), the highest radionuclide concentrations were
observed in the parts of plants that were above water or partially submerged. Later,
when the plants accumulated radionuclides mainly from water, the undersurface
plants exhibited the highest accumulation coefficients.
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Fig.4.6. Sr-90 concentrationsin the Black Sea fish beforeand after the Chernobylaccident (Kulebakina

and Polikarpov, 1991):

1= Whiting (Odontogadus merlangus)

2= Buckler skate (Raja clavata)

3= Black Sea turbot (Scophthalmus macoticus macoticus)

4== Peacock wrasse (Crenilabrus tinca)

5= Mediterranean scad (Trachurus medi-
tarraneus euxinus)

6= Black goby (Gobius sp.)

7= Sea scorpion (Scorpaena porcus)

8= Sprat (Sprattus spraitus sprattus)
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Table 4.7
The concentration of radlonuclides in the soft tissue of
Mytilus galloprovincialis (Bq/kg wet weight) (Whitehead, et al., 1988)
Date Radionuclide
Ru-103 Ru-106 I-131 Cs-134 Cs-137

6 May 1986 480 121 84 6.0 5.2
23 May 1986 210 64 82 - 15
28 May 1986 97 38 - 0.84 -

4 June 1986 70 36 19 - -
19 June 1986 39 20 20 - -
25 June 1986 352 2438 14 04 -

7 July 1986 24.6 16 - 0.44 -
31 July 1986 11 10 - 0.14 0.28
14 August 1986 9.6 11.2 - 0.13 0.28
17 September 1986 5.6 10.6 - - -
24 October 1986 4.2 8.6 - 0.10 -

2 December 1986 6.2 58 - 0.17 -

During the period from April 13 through to May 21,1986, a series of experiments
were carried out in the north-eastern Mediterranean Sea on measurement of the
vertical fluxes of individual elements and compounds penetrating into surface
waters from the atmosphere. The automatic traps were set 15 miles off the coast of
Calvi, Corsica (42°43'9" N 08°31'3" E) at a 200-m depth in the 2200 m water column
(Fowler et al., 1987). This experiment permitted the observation not only of the
moment of the Chernobyl radionuclide fallout onto the Mediterranean Sea surface
but also the dynamics of radionuclide absorption and accumulation in some hydro-
bionts.

Theregistration of gamma-spectrometric measurements of theair filters carried
out in Monaco (77 miles north-west of the site of trap), were the first to detect an

Table 4.8
Results obtained for various radionuclides in Patella
(Bg/kg wet weight) (Whitehead, et al., 1988)

Nuclide Soft tissue Soft tissue Shell

7 May 1986 27 June 1986 7 May 1986
Ru-103 14790 341 1176
Ru-106 . 2700 M1 325
131 5387 - -
Cs-134 373 6.4 35.7
Cs-137 470 5.0 69
Ce-141 - - 24
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increase in atmospheric radioactivity on April 30, 1986 (Whitehead et al., 1988). The
radioactivity peak in the near-water atmospheric layer occurred on 3 May, 1986. A
weak later, radionuclide concentration in the air equalled about 1% of the peak value.

Gamma-spectrometric analysis of the trapped particulates showed that some
isotope activity, had rapidly increased at 200 m depth following the major
deposition onto surface waters. The most considerable growth was documented on
8-15 May 15, about 7 days after the major fallout onto the sea surface. Using these
data, Fowlere! al. (1988) determined the average velocity of settling of radionuclide-
loaded particles, which was about 29 m/day. These results fully agree with the data
obtained by Buesseler et al. (1990b) in the Black Sea.

As long ago, as the 1960-s, in studying nuclear weapon test fallouts onto the
ocean surface, researchers had noted a rapid transfer of short-lived isolopes (Zr-95,
Nb-95, Ce-141 and Ce-144) into deep waters. These isotopes were detected in sea
cucumbers at a depth of 2800 m in the Pacific Ocean (Osterberg et al., 1963). As the
half-life of theseisotopesisless than1year, their transfer to depth cannot be described
by the models for Stokesian particle settling. It was conjectured then that radionucli-
des were transported to deep waters by zooplankton. By absorbing radioisotope-
contaminated particles and phytoplankton in surface waters, zooplankton produce
faecal pellets, which due to their density and size may fransport radionuclides to
depth over a span of few days, instead of several years, according to the Stokes law.
Therecent detection of man-made radionuclides in sinking particulates, collected by
deep-water traps, and in faecal pellets of the natural zooplankton confirmed this
hypothesis (Baconet al., 1985; Livingston and Anderson, 1983; Fowleret al., 1983). The
influx of the Chernobyl radionuclides permitted these investigations to be continued.

On 6 May 1986, Fowler et al. (1987) sampled zooplankton in surface waters at the
site of trap deployment. Special conditions were provided for zooplankton activity
in order to facilitate collecting of faecal pellets. The results of gamma-spectrometric
analysis showed that the best correlation was between radionuclide concentration in
zooplankton faecal pellets and in the particles retained by the trap from May 8-15
(Table 4.6).

The microscopic analysis suggested that about 70% of the matter (dry weight)
retained by the traps consisted of faecal pellets with an average size of (0.4 +2.4) - 107
pm?, depending on the form of the faecal pellets. In addition, it should be indicated
that faecal pellets were enriched mainly by the radionuclides contained in zoo-
plankton. Laboratory investigations proved that ruthenium and cesium radio-
isotopes absorbed by shell fish zooplankton (crustacean zooplarkion) with food are
assimilated insignificantly. Cerium radionuclides absorbed by euphausiids are
defecated by the latter almost completely within few hours (Fowler et al., 1987).

Whitehead et al. (1988) studied radionuclide concentration in sea animals in the
vicinity of Monaco over a period of 7 months, following the Chernobyl accident. They
focussed on mussels (Mytilus galloprovincialis) and molluscs (Patella). The first two
specimens of Mussels, retrieved on May 6 and 23, 1986 (3 and 21 days after the
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radionuclide concentration peak in sea surface depositions) contained the highest
concentrations of radionuclides (Table 4.7). The «lata obtained for shell fish Pateila
(Table 4.8) were 20-100 times superior to those acquired for mussels. The difference
in the radionuclide absorption capabilities of these representatives of sea fauna may
be explained by different methods of feeding and digestion. Patella’s ability to absorb
radionuclides more intensively, as compared to Mytilus, also was noted by Aarkrog
et al. (1983).

Soft tissue inside the mussels, including internal organs, concentrated 10-fold
greater.quantities of radionuclides than shell fish (Whitehead et al., 1988; Holm et al.,
1986; Toumainen et al. 1986).

Investigations of the Black Sea species of Mytilus galloprovincialis showed that
in May 1986, Cs-137 concentration in their soft tissues equalled 55.5 Bq/kg of the wet
weight, and in mussels, on the whole, it was 14.8 Bq/kg. The dynamics of variation
of Cs-137 concentration in mussels from June 1986 through May 1989 is shown in
Fig. 4.4. Sr-90 concentration in the same specimens attained 50 Bq/kg of the wet
weight in May-June 1986. Further dynamics of variation of Sr-90 concentration are
similar to that of Cs-137 and are given in Figure 4.5.

Investigations carried outin the Institute of Biology of Southern Seas, Ukrainian
Academy of Sciences, have proved that the pre-Chernobyl level of Sr-90
concentration in Black Sea mussels and fish increased several times. Figure 4.6
presents a comparison of the pre-Chernobyl and post-Chernobyl radionuclide
concentrations in Black Sea fish. It is worthwhile noting that while Sr-90 peak
concentrations in Black Sea animals were registered in 1986, those for the Dnieper
fish and shell fish were observed from 1986 through 1988. The case is the same for
Cs-137.
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PART V

MODELING OF THE PROCESSES OF
RADIONUCLIDE TRANSPORT IN BLACK SEA WATERS

Moadeling of the transport of various admixtures in seawater resulted in the
resolution of several problems, specifically, the prediction of contaminants' behavior
in seawater, the determination of the sources of contamination, and the identification
of admixture transport parameters.

Consider a model for radionuclide propagation in the Black Sea, using cesium-
137 concentration data for 1986. The appropriate calculations of the current velocity
field and exchange parameters will be performed using the hydrodynamic model for
nuraerical modeling of the ocean (Marchuk and Skiba, 1976; Kochergin and
Timchenko, 1989)
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at the coastal contour

oT _ 5 _ . _
KLW—KLEN_O' u=v=_0

and with the initial conditionsatt =0, u =u%;v=1"; T=T%S=S°.

Here the x-y-axes are directed eastward and northward, respectively, and the
z-axis is directed vertically downward. U, v, and w are the current velocity
components;f is the Coriolis parameter; P is pressure;p is density, p (z) is the density
determined from climatic data (Altman et al., 1987), P* is atmospheric pressure; C is
the constantequal to0.1; h is the depth of thesurface turbulentlayer; T is temperature;
S is salinity; 7 7, are the wind stress components; t?, % are the bottom friction
components; g is the gravity acceleration; H is depth; N is the normal coastal contour
or bottom; K is the vertical turbulent exchange coefficient; K;"is the horizontal
momentum turbulent exchange coefficient; and K, is the latter's counterpart for
heat and salt. The Eckart formula was applied as the state equation. The tangential
wincl stress was calculated from the air pressure data, using the Ackerblom relations.
The minimum value of K, was taken equal to

103 m%s, K =6-102 m%s, and K = 6-10' m%s.

For the motion equations to be resolved, the integral stream function is
introduced, calculated by the method of sequential relaxation, and the equation for
the current velocity shear solved via matrix factorization. The diffusion equation was
solved using the Gauss-Zeidel technique. The difference schemes applied were
conservative, and for the diffusion equation, monotonous difference schemes were
used. The calculations were performed on a grid, with the horizontal resolution being
18 km; vertically, the grid comprised 20 levels condensed in the upper layers. The time
interval was 10 minutes.

The calculations covered twelve months. Figure 5.1 shows, for example, the
current field at 100 m depth in August, characterized by the presence of well-
pronounced cyclones ("Knippovish lenses”) in the western and eastern basins of the
sea, the Black Sea rim current and anticyclones in both areas of the sea. The current
fields derived for all months are in agreement with the contemporary views on Black
Sea water circulation and may be applied to solve diverse diffusion problems.

The calculations have revealed that wind affects merely the upper 10-15 m layer
causing the destruction of deep-water gyres and the genesis of a homogeneous flow,
oriented predominantly from west to east. Wind relaxation down to 3-4 m/s leads to
the reconstruction of gyres in the upper layer. The vertical velocity field in the
subsurface layers appears to be fairly heterogeneous, housing upwelling and down-
welling waters (Fig. 5.2). The vertical velocities absolute values attain 102 cm/s.
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Fig.5.1. The current velocity field ata 100 mdepth  Fig.5.2. Zones of waler rising at a 15 m depth.
in August. The scale is 9.6 cm/s =

Let us formulate the problem of radiocesium transport in Black Sea waters. The
data provided by a survey conducted in June 1986 will be used for the initial values.
The survey had allowed the identification of a well-pronounced patch of cesium-137
concentration on the sea surface. Modeling results will be compared to the data
compiled in November-December 1986 (Fig.3.8).

A statement of the problem requires that the following circumstances be
considered:

1. As has been shown above, the survey data collected in June 1986 are
rationalized by the cesium-137 deposition onto the sea surface from the
atmospheric radioactive cloud, i.e., the bulk of radionuclides was deposited
onto the sea surface within a very short period of time. Therefore, as the initial
condition, it is not the flux that may have been prescribed but the radionuclide
distribution on the sea surface.

2. In view of cesium-137's average life being much longer than the time period
over which the evolution of this radionuclide's concentration field will be
modelled, the term for radioactive decay may be ignored.

3. Radionuclides may penetrate into the Black Sea up to 300-400 m (under
extreme hydrodynamic conditions). Therefore, the 500 m depth level, where
the radionuclide flux is assumed to be equal to zero, is chosen as the lower
boundary for numerical modeling.

Thus, the problem of cesium-137 transportin the Black Sea was dealt within the

following manner
aC aC al OC i
0’+u—d?+v—a};+ Osz 61+K AC
(56)

OC

with the boundary conditions k,Z= =0 on the sea surface and at the fluid

boundary (500 m); m=0 at the coastal contour and theinitial condition at
t =0, C=C?, Here, C is cesium-137 concentration in scawater; C ° is the
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influence. radionuclide concentration field in the Black
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in the surface waters.

experimentally-derived data (June, 1986); u, v, w are the current velocity components
obtained through resolving of the hydrodynamic problem described above.

Concerning the applied difference scheme, the following point should be
indicated. Physical considerations make it clear that the major admixture vertical
transport below 10-15 mn (the depth encompassed by the mixed layer) would occur
because of the forcing of w. Therefore, the difference scheme, by its spatial
coordinates, should be of the second order. For the problem to be resolved, the FCT
algorithm (Eremeev and Ivanov, 1987) was applied allowing the concentration
evolution to be accurately described without strong smoothing.

Using the models considered above, two problems have been resolved: the
sources of contamination were identified and the cesium-137 concentration field in
Black Sea was predicted.

The first problem was handled on the basis of the variational approach by
solving the conjugated problem (Kochergin and Timchenko, 1989). The conjugated
problem permitted the influence function to be calculated, which qualitatively
defines the contribution of the disturbances from the various areas of the sea to the
magnitude of the quality functional.

According to the procedure described in (Kochergin and Timchenko, 1989), the
diffusion equation is related to the conjugated equation

ac* oct oct ac*

—_ U —p 2=

ot ('llf a((;))" [i}4 (57
=7 Kz = + K AC*

with the boundary conditions atz = H (x,y), w C* +K, -‘%CZ—' =0 at the coastal contour

att=At,C*=0, whereC* is the influence function, At is the time of the prediction
(in our case it is the period from June to December).
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The problem was handled in the following way : sea surface cesium-137
concentration in the neigbourhood of the December 1986 maximum was prescribed
to be zero in the vicinity of the Bosporus. Figure 5.3 shows isolines of the influence
function normalized to the maximum value. It is seen that the area of the June Cs-137
maximum concentration greatly affects the area near the Bosporus.

The solution of the second problem is presented in Figure 5.4. It is seen that the
pattern coincides, by and large, with the experimentally-derived data (Fig.3.9).

Consider some general conclusions on the pattern of cesium-137 transport in
1986, using the measurements derived from numerical simulations mentioned above.

1. Tt should be noted that the effect of advective-diffusion factors led to a
relatively uniform basin-wide"mixing" of radionuclides. The major
progressive transport of nuclides took place in the eastern cyclonic gyre field
in the western Black Sea.

2. After 30 days, the radioactive nuclides were observed to penetrate from the
sea surface to the interior of the sea. It should be emphasized that advective
processes dominated (the diffusion processes being most pronounced only in
the upper 10 m layer of the Black Sea). Calculational data allow an insight into
the statistical mechanism, which may have been responsible for the radio-
nuclide "saturation" of Black Sea deep waters. The areas of upwelling and
downwelling of seawater are located rather chaotically on the sea surface. It
may be argued that there is a constant equilibrium between the upward and
downward fluxes of water. However, the deep waters turn out to be swiftly
radionuclide-loaded (this ensues from the analysis of the in situ data). Model
simulations yield an intermittent concentration field at the lower depth levels
and allow us to hold that turbulent diffusion is responsible for the slower
vertical mixing of the nuclides. Hence, the calculated data must be
complemented by a physical mechanism which would be capable
eliminating the intermittency of the radionuclide-contaminated field.

We feel that such a mechanism may be described in the following way. The
upwelling areas are topologically partitioned, whereas the downwelling areas are
topologically linked. Therefore, the lower isolines of the admixture concentration
field on the sea surface will be offset towards the areas of water sinking and will "slip"
into these almost completely. The lower isolines of the admixture concentration field
will be merely deformed and, in general, will not be displaced. Hence, a sort of
"pump" occurs, which would inject the admixture into the deeper layers of the Black
Sea. Besides, it can be readily shown that such "pumping" is more effective than
vertical turbulent diffusion.
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