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Purpose. The aim of the work is to study spatial variability of the ¥’Cs and “°K concentrations in
the bottom sediments of the Balaklava Bay, and to estimate the sedimentation rate and relative
content of the biogenic fraction.

Methods and Results. The results of the 1¥’Cs and “°K concentration measurements in 5 columns of
the bottom sediments sampled in various parts of the Balaklava Bay are represented. Activity of 13’Cs
and “°K in the samples was determined by the gamma spectrometric analysis. Based on the
measurement data, spatial variability of the 3’Cs and “°K concentration fields in the bottom sediments
was studied, and the sedimentation rate was quantitatively estimated. Application of the balance
equation provided quantitative estimates of the relative biogenic fraction content; its spatial variability
was described. Quantitative estimates of the relationship between the biogenic fraction estimates
resulted from use of the direct and indirect methods are represented.

Conclusions. According to the obtained results, the 3’Cs and “°K concentrations in the upper 5 cm
layer of bottom sediments varied in space from 11 to 62 and from 155 to 562 Bq/kg, respectively.
The maximum radionuclide concentrations were characteristic of the northern part of the bay,
the minimum ones — of its southern part. The sedimentation average rate was 0.51 + 0.06 cm/year.
Relative biogenic fraction content in the sediments varied in space from 30 to 89% and averaged
46 + 25%. The maximum values were observed in the southern part of the bay, the minimum ones —
in the northern part.
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Introduction

It is known that coastal areas are a place of active anthropogenic activity,
which leads to the variation in the natural rates of geochemical processes and
contributes to an increase in the pollution level of bottom sediments. Radionuclide
contamination is a relatively new, but nevertheless sufficiently studied, type of
environmental contamination. The intensification of industrial activity in the 19"
century led to an increase in the input of individual microelements to aquatic
systems as a result of their direct discharge (local pollution) and washout by
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atmospheric precipitation (global distribution) and caused a complication of their
geochemical balance and general state.

Due to its unique natural and climatic conditions and morphometric
characteristics, the Balaklava Bay occupies a special place among the Sevastopol
region bays. Back at the end of the 19" century it was used as a mud treatment
area. Active anthropogenic development in the second half of the 20" century
caused a change in its morphometric parameters, the intake and accumulation of
a large amount of pollutants and, as a result, led to deterioration in its ecological
state. As a result, medicinal clay was replaced by technogenic one. At present,
the active bay use as a yacht marina maintains a high level of anthropogenic
pressure on its ecosystem and may lead to deterioration in its ecological state.
At the same time, the preservation of such a unique natural site is an important task
for the development of the resort and recreational complex of the entire region.

The study of the Balaklava Bay bottom sediments is of an episodic nature.
Modern studies of the features of spatial distribution and quantitative
characteristics of the accumulation of individual fractions, organic matter, and
microelements in the Balaklava Bay water area are presented in the works of
Marine Hydrophysical Institute employees [1-5]. At present, much attention is paid
to the pollution of bottom sediments with organic substances [2, 3] and trace metals
[3, 4]. In [2], for the first time for the Balaklava Bay water area, voltammetric
profiling of the bottom sediments was carried out and the geochemical
characteristics of pore waters were studied. In [5], numerical estimates of the bay
water area pollution with the excessive total suspended matter, dissolved organic
matter of artificial origin (an indicator of biological pollution), and petroleum
hydrocarbons were obtained. According to the data of works [1, 4],
the granulometric composition of bottom sediments is constantly changing. First of
all, this is due to an increase in the proportion of finely dispersed pelitic silts,
a decrease in the proportion of sandy and coarse shell material. The discharge of
untreated domestic wastewater, industrial wastewaters, storm sewers, leaks of
petroleum products from vessels based and being repaired in the bay, washout from
the fields and the flow of fertilizers and pesticides with the Balaklavka River
waters are the main alleged sources of pollution of the Balaklava Bay bottom
sediments.

Cesium-137 (*¥'Cs) is an artificial radionuclide of technogenic origin with
a half-life of 30.05 years. Its input into the Black Sea is due to atmospheric fallout
and river runoff [6]. A number of works [6-13] are devoted to the study of
the spatiotemporal variability of its content in the Black Sea region water and
bottom sediments. This radionuclide is widely used to obtain the sedimentation rate
guantitative estimates [12, 14-15].

Potassium-40 (“°K) is a radionuclide of natural origin with a half-life of
1.25-10° years. Much attention is also paid to the study of this radionuclide [11,
12,16, 17]. The concentration of K in the sinking particles of lithogenic
origin is approximately one order of magnitude higher than that of biogenic
particles [18-22]. This feature can be used to obtain quantitative estimates of the of
the biogenic component share in bottom sediments [12, 16, 17]. According to [17,
23, 24], the biogenic component of bottom sediments is a mixture of organic
carbon particles, carbonate or siliceous remains of shells and skeletons of
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planktonic microorganisms. Assessment of biogenic fraction accumulation is
important due to its particular sensitivity to climate change and anthropogenic
impacts, and is of great importance for studying carbon cycles and various
pollutants.

Based on the literature data available to the authors, it should be noted that the
data on **Cs and “°K content in the Balaklava Bay bottom sediments are absent.

The purpose of this work is to study ¥'Cs and “°K content in the bottom
sediments of the Balaklava Bay, as well as to assess the sedimentation rate and the
relative content of biogenic fraction.

Materials and methods

The selection and preparation of the bottom sediment samples were carried out
in accordance with the regulatory documents (GOST 17.1.5.01-80; ISO 5667-
19:2004).

The column sampling was carried out using an acrylic soil tube with an inner
diameter of 60 mm and a vacuum seal. On board, the columns were sealed with
a cork from below and transported to the laboratory. In the laboratory the columns
were separated into layers of 1-2 cm thickness using a hand extruder and an acrylic
ring. Further, sample preparation was carried out in accordance with the normative
documents for other analyzes.

The natural moisture content was determined by the gravimetric method
according to the standard method (GOST R ISO 11465-2011; introduced from
01.01.2013). After drying, the sample was crushed and homogenized. A portion of
this sample with a known mass was packed into 20 ml plastic vials for subsequent
gamma spectrometric analysis.

Measurements of **’Cs and “°K activity in the bottom sediment samples were
carried out on a low-background gamma-spectrometer with a well-type Nal(TI)
scintillation detector. The crystal diameter is 100 mm and its height is 100 mm.
The diameter of the well is 40 mm, its depth is 60 mm. The resolution is 9%
along the ¥*'Cs line with 661 keV energy. The detector was located in a two-
layer protection, the outer layer of which was formed by bricks of low-background
lead (14 cm), the inner layer was made of old cast iron rings (15 cm).
The measurement time of a single sample was determined based on its activity and
varied within 24-48 h range.

The calibration of the detection efficiency of gamma quanta with different
energies was carried out using certified sources supplied by the IAEA (IAEA-326,
IAEA-CU-2006-03), which have a shape and size similar to the samples we
studied.

The concentration of ¥'Cs (Cisrcs) and “°K (Caox) in the bottom sediment
samples was calculated using the following formula:

N
C = meENEK

where C is a radionuclide concentration (Bg/kg); N is a radionuclide photopeak
area (pulses); t is a spectrum accumulation time (s); m is a sample mass (kg); &(E)
is a registration efficiency of gamma quanta with energy E; y(E) is a yield of
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gamma quanta with energy E during the decay of the corresponding radionuclide;
K is a coefficient that takes into account the decay of a radionuclide over a period
of time (At) from the sampling to the beginning of its activity registration.

The estimates of K were obtained by the formula

K = exp(~AAt),

where A is a decay constant equal to 7.31-10 ~%s and 1.741-10 “*'/s for *'Cs and
K, respectively.

The estimates of the minimum detectable activity were obtained according to
[25]. The lower detection limit for **¥’Cs is 4 Bg/kg, for “°K — 30 Bg/kg.

The error in determining the activity of radionuclides is due to the statistical
error of their counting in the sample (1o), taking into account the static error in
the background counting and efficiency calibration. In most cases, the total error
did not exceed 15%.

The carbonate content (CaCOs) in the sample was determined using
the weight-volume method after the decomposition of carbonates with hydrochloric
acid, taking into account the methodological recommendations of the UNEP
guidelines. Reanalysis of samples with a mean of 6.84% CaCO3 yielded a standard
deviation of + 0.18% (variation coefficient 2.6%) (UNEP/IOC/IAEA - 1995).

The organic carbon (Corg) concentration in the sample was determined by
the spectrophotometric method after the organic matter oxidation with
a sulfochromic mixture (GOST 26213-91; introduced from June 30, 1993).

Results and discussion

The layout of the stations is given in Fig. 1. In total, 5 columns of bottom
sediments were selected: two columns in June 2015 (stations 1 and 2) and three
columns in September 2019 (stations 3-5).

Columns 1 and 3-5, sampled in the northern basin of the bay at 6-9 m depths,
reflect the sedimentation conditions in a semi-enclosed water area experiencing
the maximum anthropogenic load. In this part of the bay, hydrodynamic processes
are weakly expressed; the flux of material is determined by storm and municipal
runoff. Column 2 was sampled in the southern basin at 13 m depth. This area is
characterized by the increased hydrodynamic activity due to its proximity to
the open sea. The main sources of material input are the local beach and storm
runoff. According to the lithological description, the cores sampled in the northern
basin are similar to each other (Fig. 2). The upper layer of 0-1 cm is a light-brown
liquid fluff with inclusions of plant residues and shells. Below (1-11 cm layer),
the sediment is represented by light-gray, gray silts, inclusions of broken shells and
sand are noted unevenly, an oil smell is characteristic. Below (layer 11-19 cm),
the sediment is dense, the color changes from dark gray to black, and inclusions of
shell detritus are minimal. For column 2, in the surface layer (0-5 cm),
an increased content of sandy material, individual shells, and shell detritus was
noted, oil smell was absent. The content of gravel-sandy material slightly decreases
with depth, and the proportion of dark gray silt increases.
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The average moisture content varied from 58% in 0-5 cm layer to 41% in
15-20 cm layer. It was noted that the values decrease with depth by almost one
and a half times. An exception is column 4, in which the moisture content increases
with depth, reaching a maximum in 5-7 cm layer, and then decreases. This may
indicate gravitational sediment sliding along the slope.
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The concentration values of ¥'Cs and “°K in the bottom sediments varied
within  8.4-132.0 and 125-742 Bqg/kg ranges, respectively. The average
concentration values of *'Cs and “°K were 46.5 + 26.2 and 528 + 158 Bg/kg,
respectively.

The profiles of *¥Cs and “°K vertical distribution concentration are complex
(Fig. 3); local maxima or minima in the concentration of radionuclides, the nature
of which is not obvious, are observed. Such a distribution of *¥’Cs and “°K may
indicate the presence of spatial-temporal variability in the sedimentation rate and
active redistribution of bottom sediments in the water area under study.

Estimation of the sedimentation rate

The profile of *¥'Cs concentration vertical distribution in the bottom sediments
has two characteristic areas (concentration maxima) corresponding to 1963 and
1986 [12, 26]. The columns analyzed in this
0.45 cm/yr work are not long enough to identify the
N position of the nearest maximum
44.502°1 corresponding to 1986. At the same time,
the vertical profiles of 13’Cs clearly indicate
the areas where the concentration of this
radionuclide varies within an error relative
to its concentration in the upper sediment
layers or reveals a tendency to monotonous
growth. As an example: the lower boundary
of such a section in Fig. 3, a corresponds to
14-16 cm layer; in Fig. 2, ¢ — to 13-15 cm
layer. Based on these data, it seems possible
to estimate the minimum sedimentation
rate, assuming that the lower boundary of
the allocated areas corresponds to 1986.
The results of the estimates are presented in
Fig. 4. According to the obtained estimates,
the sedimentation rate varies in space within
0.45-0.55 cm/year range and makes up, on
average, 0.50 = 0.06 cm/year. This result is
in good agreement with the estimates
F i g 4 OSpatial distribution of  gphtained from the data on %°Sr vertical
sedimentation rates distribution in 2008-2012. [12]. According
to the data of this work, the sedimentation

rate in the Balaklava Bay varies in space within 0.52-0.55 cm/year range.
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Spatial distribution of ©*’Cs and “°K
The averaged characteristics of !¥'Cs and “°K concentrations spatial
distribution in bottom sediments were obtained for four intervals: 0-5, 6-10, 11—
15, 16-20 cm. It was taken into account that the first two columns were sampled
four years earlier than the next three columns. For this purpose, based on
the estimates of the sedimentation rates obtained in this work and presented in [12],
it was assumed that the difference between the layers of the first two columns and
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the next three is 2 cm (0.5 cm/year x 4 years). In other words, 0-2 cm layer of
the first two columns roughly corresponds to 2-4 cm layer of the next three
columns.
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Fig. 5. Spatial distribution of $¥’Cs concentration in the layers 0-5 cm (a), 6-10 cm (b), 11-15 cm
(c) and 16-20 cm (d)

According to the results obtained (Fig. 5, a), **’Cs concentration in the upper
layer of bottom sediments spatially varied within 11-62 Bg/kg range and averaged
43 £+ 20 Bg/kg. In the lower layers of bottom sediments (Fig. 5, b — d), an increase
in the radionuclide concentration value, reaching 114 Bg/kg at a separate station,
was observed. The maximum ®’Cs concentration values are observed in
the northern part of the bay in the entire studied range of bottom sediments,

the minimum — in the southern part. Note that *Cs content in the northern part of
198 PHYSICAL OCEANOGRAPHY VOL. 28 ISS.2 (2021)



the bay is about 5 times higher than in the southern one. The concentration of $*’Cs
in bottom sediments and its spatial distribution depend on the levels of its activity
in water and the suspended matter content [7, 15, 27]. The nature of the latter can
also affect the value of the radionuclide relative content on the suspended matter
and, accordingly, on its flux
into the bottom sediments [7,
15, 28]. According to the data
of [5], the most polluted areas
of the Balaklava Bay are its
innermost part and the area
near the wastewater outlet at
the bay exit. According to
the data of optical
measurements, the turbidity
values, which are tens of
times higher than the natural
norm, as well as increased
concentrations of  total
suspended matter and
dissolved organic matter, are
recorded here. The paper [29]
describes the features of the
in the Balaklava Bay,
identified on the basis of
numerical modeling results. It
is noted that the presence of
local eddy structures in the
492 ——— S field of currents can lead to
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. Ba/kg

the
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Fig. 6. Spatial distribution of “°K concentration in the  and northern parts of the bay.
Iraryers 0-5 cm (a), 6-10 cm (b), 11-15 cm (c), 16-20 cm The concentration of “°K
in the upper layer of bottom
sediments varied in space within 155-562 Bg/kg range, made up, on average, 450
+ 172 Bg/kg, and had a tendency to increase with depth (Fig. 6). The maximum
values of “°K concentration were characteristic for the northern part of the bay, the
minimum - for the southern part. As noted earlier, the concentration of K in
bottom sediments and its spatial distribution depend on the sedimentating matter
origin [16, 17]. The increased values of “°K concentration in the northern part of
the bay indicate a relatively increased proportion of the lithogenic component in
the sedimentating suspension.
The similarity in the spatial distribution of the radionuclide concentration
(correlation coefficient 0.51, p = 0.027) can be due to the fact that *'Cs
sedimentates mainly with the particulate matter of lithogenic origin [30, 31].
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The obtained values of the radionuclide concentration do not contradict
the literature data. According to [12], ¥'Cs and “°K concentration levels in
the Sevastopol Bay bottom sediments sampled in 2008-2012 varied in space within
70-80 and 281-702 Bqg/kg range, respectively.

Estimation of the biogenic fraction proportion
In [16, 17], it was proposed a method that allows, based on data on “°K
concentration in the bottom sediment samples, to determine the proportion of
biogenic fraction (BF, %) in them using the balance equation

_ Cke—Ce 100
Clk, K —Clk K

where Clk, K and ClkgK are the values of potassium clarkes in lithogenic and
biogenic fractions, equal to 24-26 and 2-3 gK/kg [18-22], respectively; Cyis

a potassium concentration (stable and radioactive) in the bottom sediments (in
gK/kg).

It is known that the activity of 1 g of natural potassium is equal to 30.65 Bq
[21]. Thus, the total potassium content in the bottom sediment samples can be
obtained from the data on its concentration using the following formula:

— Caok
Ck = oo 100.

When making estimates, the values of Clk, K and ClkgK were assumed to be

25 and 2.5 gK/kg, respectively.

According to the calculations (Fig. 7, a), the share of biogenic fraction in
the upper layers of bottom sediments varied in space within 30-89% and was, on
average, 46 + 25%. The maximum values were observed in the southern part of the
bay, the minimum — in the northern one. Note that the relative biogenic fraction
content in the southern part of the bay was 2-3 times higher than in the northern
one. There was a tendency towards a decrease in the biogenic fraction proportion in
the lower sediment layers (Fig. 7, b — d).

The proportion of biogenic fraction in the bottom sediments can also be
defined as the sum of the relative values of the content of organic carbon,
carbonates (CaCQs3) and silicates (SiO,) [17]. For individual layers of the column
selected at station 2 (Fig. 1), these parameters were determined and the proportion
of biogenic fraction was estimated.

The analysis of the vertical distribution features of the studied parameters
revealed the fact that Coy content in the surface layer is minimal (0.48%), its
concentrations increase with depth and are 2.43 and 2.46% at 7 and 11 cm
horizons, respectively. Conversely, the carbonate content decreases with depth
from 79% in 0-2 cm layer to 48% in 10-12 cm layer. SiO, concentrations increase
with depth from 14 to 21% (Fig. 8, a).
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According to the obtained results (Fig. 8, b), there is a qualitative and
guantitative correspondence between the values of the biogenic fraction of bottom
sediments obtained by direct (Corg + CaCO3 + SiO2) and indirect (according to “°K
data) methods for the upper layers of sediments. In the lower layers of bottom
sediments, the estimates obtained by the indirect method differ from the results of
direct measurements by, on average, 18 + 8%.

Conclusions

According to the obtained results, **’Cs and “°K concentration in the upper
5-cm layer of bottom sediments varied in space within 11-62 and 155-562 Bg/kg
ranges, respectively. The average concentration values were 43 + 20 and
450+ 172 Bg/kg for ¥'Cs and “°K, respectively. The maximum values of
the radionuclide concentration were characteristic for the northern part of the bay,
the minimum — for the southern part. Such a spatial distribution of the radionuclide
concentration may be due to the features of water circulation in the bay, as well as
variability in the field of suspended matter concentration. There was a tendency
towards an increase in the values of the radionuclide concentration with depth.

Based on the data on !¥’Cs vertical distribution, quantitative estimates of
the minimum sedimentation rate in the area under study, which were, on average,
0.50 + 0.06 cm/year, were obtained.

Quantitative estimates of the biogenic fraction proportion in the bottom
sediments of the area under study were also obtained, and it was shown that it
varied in space within 30-89% range and was, on average, 46 + 25%.
The maximum values were noted in the southern part of the bay, the minimum — in
the northern one. A comparison of the biogenic fraction values obtained by direct
and indirect methods has been carried out, and their qualitative and quantitative
correspondence in the upper layers of bottom sediments has been demonstrated.
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