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Purpose. The purpose of the paper consists in studying the pollution level, and the character of spatial
distribution of microelements and trace metals, the chlorophorm-extractable substances and
petroleum hydrocarbons and in evaluating the features of their accumulation in the upper layer of
bottom sediments in the Balaklava Bay depending on the natural and anthropogenic sources of
pollutants.

Methods and Results. The samples were taken from the bottom sediments upper layer (0-5 cm) in
the Balaklava Bay by the Peterson grabber in February, 2015. Location of the sampling stations was
chosen proceeding from the features of the bay morphometry, hydrological and hydrochemical water
structure, pollution sources and the character of the sedimentation processes. The samples were
selected, preprocessed and analyzed by the standard methods according to the regulatory documents.
Some changes in relation between the clay fractions and the gravel material composition were
revealed. The correlation dependence between the contents of chlorophorm-extractable substances
and petroleum hydrocarbons was calculated. The features of spatial distribution of the metals’ content
depending on the natural geochemical processes in the bottom sediments are revealed. The regions
subjected to the most intensive anthropogenic load within the region under study are distinguished.
Conclusions. The content of clay material in all the samples taken in the Balaklava Bay on
the average increased from 58.2 to 65.9 % and its maximum values are still concentrated in
the western and northwestern parts of the water area under study. During last ten years, growth of
the portion of a fine-grained material in the bottom fractions has been noted; at that the places where
it accumulats are located in the areas of intense anthropogenic activity. The chlorophorm-extractable
substances concentration in the Balaklava Bay bottom sediments varied within a wide range.
On the whole, in course of the investigated period their content decreased, whereas the petroleum
hydrocarbons concentration remained unchanged. It is found that pollution of the bottom sediments
by metals is of a polyelemental nature and is characterized primarily by such metals as Pb, Cr, Zn, Cu
and Sr. The increased microelements concentrations are observed in the northeastern and central parts
of the water area, whereas the decreased metal concentrations — in its northwestern and eastern parts.
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Introduction

Currently, more and more attention is paid to the problem of coastal water
contamination by such pollutants as heavy metals, oil and oil products. Water areas
of the coastal strip intensively used for ship berthing or as the places of industrial
enterprises location, are most exposed to the pollution. An important source of
water pollution is river and storm runoff. The pollutants enter the sea water, fall to
the bottom and are deposited in the bottom sediments. Thus, bottom sediments are
an important link in the ecological equilibrium chain and serve as indicators of
the man-induced impact intensity.

Pollutants are distributed in water bodies unevenly, forming the areas of
increased pollution in the euphotic layer, frontal zones and the surface layer of
bottom sediments [1, 2]. Sustainable pollution characterizes the water areas of bays
and estuaries, in which dissimilar water masses converge [2, 3]. The content and
distribution of pollutants in bottom sediments depend on the location of pollution
sources, as well as on the oceanographic characteristics of the water area.

The Balaklava Bay is an area with limited water exchange, actively exploited
by humans. Over a long period of intense man-induced load, a significant amount
of pollutants has accumulated in its bottom sediments. Based on the bottom
morphometry and coastal configuration, the Balaklava Bay is divided into
a shallow part at the apex, central part, southern deep-water extension and knee-
shaped narrowness connecting the last two parts [4].

During the studies carried out in 2005 [5], the level of bottom sediments
contamination was estimated by some micro elements and petroleum
hydrocarbons. It was revealed that bottom sediments at the bay apex and in its
central part are typically man-made silts, which differ from natural sediments in
geochemical and lithodynamic parameters. The maximum concentrations of heavy
metals and xenobiotic organic substances exceeded the background content
of metals on the shelf of the Crimean Peninsula [1, 2]. In the Balaklava Bay
the total content of heavy metals (Cd, Cu, Ni, Pb, Ag, Zn) in the bottom sediments
(521 mg/kg) was higher than in the Sevastopol Bay (371 mg/kg) [6].
For comparison: in some areas of the adjacent coastal waters of the World
Ocean, the total heavy metal pollution of bottom sediments is, for example, 52—
16400 mg/kg in the harbors of the Mediterranean region [7], 2710 mg/kg in New
Bedford Harbor, USA [8] and 51.5-400 mg/kg in the Turkish coast region [9].

In the works on the Black Sea and its northwestern shelf monitoring [10-12]
the fact that the accumulation rate of micro elements and heavy metals in
the bottom sediments depends on their granulometric distribution was shown.

The purpose of this work is to investigate the pollution level and the spatial
distribution of trace elements and heavy metals, chloroform-extractable substances
(CES) and petroleum hydrocarbons (PH), to evaluate the features of their
accumulation in the surface layer of the Balaklava Bay bottom sediments
depending on the natural ( particle size distribution) and man-made input sources.

The obtained data were compared with the results of observations in 2005 [5].
The correlation coefficients between the content of trace elements, heavy metals
and granulometric distribution were calculated.
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Areas of work, materials and research methods
Samples of bottom sediments were taken in the Balaklava Bay from the upper
sediment layer (0-5 cm) by Peterson grab in February 2015. The location of
the stations at which the samples were taken was selected based on the features of
the bay morphometry, hydrologic-hydrochemical structure of waters, potential
sources of pollution and nature of sedimentation processes (Fig. 1).
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Fig. 1. Scheme of the stations of bottom sediments sampling for analyzing the metals bulk content
and the features of the sediment fractions spatial distribution (e); for determining chlorophorm-
extractable substances (CES) and petroleum hydrocarbons (PH) (A)

Total content of Cr, Co, Cu, Ni, Pb, Zn, V, Sr metals and TiO,, MnO, Fe,0;
metal oxides in the bottom sediments was determined by X-ray fluorescence
analysis (XRF) using SPECT-ROSKAN MAX-G spectrometer by NPO
“SPECTRON” (Russia) *.

The separation of aleurite-pelitic fraction (< 0.05 mm) was performed by wet
sieving with the subsequent gravimetrical determination of the dry mass. Coarse
fractions (> 0.05 mm) were separated by a sieve method of dry sieving ? using
standard sieves (GOST 12536-2014).

In order to determine the chloroform-extractable substances (CES) and
petroleum hydrocarbons (PH), bottom sediment sampling was carried out in the
summer of 2005 (Fig. 1) by the staff of the Department of Marine Sanitary
Hydrobiology of Federal State Budgetary Institution A.O. Kovalevsky Institute

! Gosstandart, 2002. [Technique for Measuring the Mass Fraction of Metals and Metal Oxides
in Powder Samples of Soils by X-ray Fluorescence Analysis. M049-P/02. Certificate of Gosstandart
of the Russian Federation No. 2420/53-2002]. Saint Petersburg: Spectron, 16 p. (in Russian).

2 petelin, V.P., 1967. [Granulometric Analysis of Marine Bottom Sediments]. Moscow: Nauka,
128 p. (in Russian).
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of Biology of the Southern Seas of RAS. In appropriately prepared air-dry samples
the amount of CES was determined by the gravimetric method and the one of PH —
by IR spectrometry 2.

Research results and their discussion

According to [1, 5, 13, 14], the bottom sediments of the bay are predominantly
represented by fine silts and silty sands with inclusions of separated shells and shell
detritus; an increase in the proportion of coarse-grained stone gravel is noted near
the coast.

Studies of granulometric composition of bottom sediments taken in 2015
showed that the material composition and spatial distribution of individual
fractions underwent some changes compared to 2005 data (Fig. 2, b).
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F i g. 2. Features of granulometric composition of the Balaklava Bay bottom sediments: circular
graphs — for 2005 and 2015 (a); three-component graph — for 2015 (b)

In the samples taken in 2005 the content of the aleurite-pelitic fraction
(<0.05 mm) was, on average, about 13%, and in 2015 samples it reached 50%.
The change in the proportion of silt fractions was reflected in the median diameter
value, which decreased to 0.06 mm. In the north-eastern apex part the content of
silt material increased from 55 to 86%, in the north-western apex part — from 72
to 90%. In the central part of the water area the proportion of aleurite-pelitic
material increased by 15%.

Changes in the material composition of gravel material were revealed. In
the 2015 samples, coarse-grained and fine-grained shell material prevails, and
the average value of the median diameter for the gravel fraction was 2.68. As for
the spatial distribution, the proportion of coarse-grained material in the coastal
eastern part of the water area decreased from 84 to 78%, and the proportion of silt
in the same part increased from 1.3 to 8%. The fraction of silty sands in the surface
layer of bottom sediments decreased from 23.08 to 14.9%.

% Oradovsky, S.G. ed., 1977. [Guidance on Methods of Analysis of Sea Water]. Saint Petersburg:
Gidrometeoizdat, pp. 118-131 (in Russian).
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It is noted that for increased concentrations of trace elements such as copper,
nickel, chromium, vanadium, titanium, iron and manganese a high positive
correlation with the silt fraction in the surface layer of the Balaklava Bay bottom
sediments (Fig. 3) is observed.

An analysis of the obtained results showed (Fig. 4) that CES concentration in
the bottom sediments of the Balaklava Bay in 2005 varied widely from 39 to
970 mg/100 g of air-dry matter. These values correspond to I-I11 levels of pollution
of bottom sediments according to [1].

F i g. 3. Correlation coefficients between the contents of the clay fraction and the metals in
the Balaklava Bay bottom sediments
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F i g. 4. Spatial distribution of petroleum hydrocarbons (a) and chlorophorm-extractable substances
(b) in the Balaklava Bay bottom sediments
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Previously (in [1]), levels 1ll — IV were noted in the studied water area. This
division into levels (from | to V) was carried out in accordance with the CES
content in bottom sediments and the reaction of the benthic community to it.
The first level corresponds to naturally pure marine sediments with high
biodiversity, and the fifth corresponds to almost lifeless bottom sediments [15].

CES content in 2005 decreased compared to 1992 (190-2690 mg/100 g),
which is probably due to a decrease in the load on the bay in the 90s, whereas
the PH content remained at the same previously fixed level (in 2005 — from 44 to
582 mg/100 g of air-dry matter, in 1992 — from 21 to 562 mg/100 g of air-dry
matter). The percentage of PHs from CES in 2005 was 32-61% versus 17-28% in
1992. The obtained indices testify to the hydrocarbon nature of crude organic
matter.

At the same time, a direct correlation between CES and PH content (r = 0.98)
was observed and the distributions of chloroform-extractable substances and
petroleum hydrocarbons were similar: the maximum concentration values were
observed in the central part of the bay and the minimal ones — at its outlet. In 2005,
in the areas of increased PH content an increased content of metals (such as Pb, Zn,
Cr) was noted. The resulting distribution of pollutants can be due to several causes:
the features of the bay hydrological regime (currents, water area closure, etc.),
the granulometric composition of bottom sediments (in the silt fraction
the concentration of pollutants is more intense) and their sources (increased
concentrations of these elements are observed in the area of the storm runoff outlet
of Balaklava) [5, 16, 17].

From 1992 to 2005 a trend toward CES decrease in the bottom sediments of
the Balaklava Bay is noted. It is also known that in the muddy marine sediments
the accumulation of pollutants occurs more intensively. Due to the fact that,
according to our data, the granulometric composition of bottom sediments over the
past decade has changed in the direction of increasing silt fractions, we can assume
a higher level of water pollution than previously noted one.

Groups of trace elements distinguished by the features of spatial distribution
are selected. The first group includes Zn, Co, Cr, Fe, Sr (Fig. 5, a), the distribution
of these metals is characterized by maximum concentrations in the central part of
the bay. Their localization on this site is observed near the eastern and western
shores. Elevated concentrations of these elements are determined in the region of
the studied water area where the storm runoff of Balaklava is located [4], while
the concentration values in the water area centerline are significantly lower. Such
a spatial distribution is typical for the water area in 2005. The second group of
trace elements includes V, Ti, Mn (Fig. 5, b). Their spatial distribution has
an inverse relationship: maximum concentrations were observed closer to
the coastline of the bay.

The third group of elements is represented by Pb, Ni, Sr (Fig. 5, c¢). Their
distribution is characterized by local heterogeneity. Maximum concentrations were
observed both in the coastal zone and in the central part of the Balaklava Bay.

The spatial distribution of Cu (Fig. 5, c¢) is characterized by maximum
concentrations in the shallow part at the bay apex (49 mg/kg) and at the exit from
the knee-like narrowness of the studied water area (90.6 mg/kg).
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The results of determining the total metal content in the surface layer of
the bay bottom sediments are presented in the table.

Table

Maximum (Cpay) and minimum (Cp,in) Values of the metals total
content (mg/kg) in the Balaklava Bay bottom sediments

Element 2015 2005
Cmin | Cmax Cmin | Cmax
Pb 18.04 188.62 28.41 504
Zn 97.12 283.16 94.4 359.10
Cr 26.06 87.19 57.54 86.43

The distribution of nickel, cobalt, vanadium, titanium, iron and manganese in
the surface layer of bottom sediments is determined by the sorption properties of
fine pelite-aleuritic silts, which confirms the previously obtained data for other
water areas of the Sevastopol region [3].

A negative correlation between fine-grained sediments and such elements as
Pb and Sr was noted, as well as a positive one between Sr and the content of gravel
material.

An analysis of the results showed that the average content of cobalt, copper, and
strontium slightly decreased compared to the content of these elements in 2005 [5].

The content of lead, which is an anthropogenic pollutant [18], in the Balaklava
Bay bottom sediments is local and often depends on the input source. Significant
concentration gradients of Pb (188.62 mg/kg) were determined in the central part
of the bay, which is typical for high-carbonate silts [2] and coarse pelite and
aleurite fractions. The average concentration of Pb in the bay decreased compared
with 2005 data and amounted to 73.14 mg/kg.

The increased chromium content is observed in places of accumulation of
vessels and in the water areas of ports [18]. Chromium enters the study area with
river waters. It was noted that the average Cr content in the bottom sediments of
the Balaklavka River, which flows into the Balaklava Bay, was 66.13 mg/kg.
Coming with river runoff, Cr accumulates in the upper part of the bay and in
the central part of the water area; its maximum concentrations vary within 70.25—
87.19 mg/kg range. In general, the content of this element in the bay bottom
sediments does not exceed the average values obtained for sediments of the Black
Sea shelf [2].

The spatial distribution of Zn is similar to one of Cr. It was noted that
the maximum concentration of zinc is 283.15 mg/kg, which is almost six times
higher than its average content in the Black Sea shelf sediments [2].

Conclusion
The obtained results showed that over the past 10 years the correlation of
fractions of granulometric distribution of bottom sediments has changed. This
primarily relates to silty material, the content of which in the surface layer

PHYSICAL OCEANOGRAPHY VOL.26 1SS.5 (2019) 421



increased on average from 58 to 66%, in particular due to an increase in the
proportion of the pelite-aleuritic fraction from 13% in 2005 to 50% in 2015. The
content of coarse-grained material increased, but the average median particle
diameter of the gravel fraction decreased. It is shown that the proportion of silty
sand in the Balaklava Bay sediments decreased from 25.4 to 12.8%.

A correlation analysis of the relationship between the content of trace
elements and heavy metals with particle size distribution is performed. The metals
(Ni, Cr, V, Ti, Fe, Mn) which in 2005 and 2015 showed a statistically significant
correlation with the silt fraction of the studied bottom sediments were selected.
This relationship was traced in the waters of both the Sevastopol Bay and the
Kerch Strait [19, 20].

The concentration of CES in the bottom sediments of the Balaklava Bay varied
widely. In 2005 their content decreased compared to 1992, which is probably due
to a drop in the anthropogenic load on the bay in the 90s. PH content in 2005 (from
44 to 582 mg/100 g of air-dry matter) remained at the level recorded in 1992 (from
21 to 562 mg/100 g air-dry matter). A direct correlation between CES and PH
content (r = 0.98) was observed.

CES distribution in the bottom sediments of the studied water area corresponds
to PH distribution: the maximum indicators are recorded in the central part of
the bay, and the minimum ones — at the exit from it. In the areas of high OH
content in 2005, an increased content of metals such as lead, zinc and chromium
was noted.

The analysis of the obtained data shows that in the samples taken in 2015 and
2005 such metals as lead, chromium, zinc, copper, and strontium predominate.
The average content of cobalt, copper, strontium slightly increased compared with
the content of these elements in 2005. At the same time, the average lead content in
the samples of 2015 (73.14 mg/kg) decreased by almost 1.5 times compared to
2005 (125 mg/kg). The maximum concentrations of metals (Cr, Cu, Pb, Zn) are
observed in the central part of the Balaklava Bay. Their localization is observed off
the eastern and western shores of the water area.

It has been shown that an increase in the concentration of trace elements is
noted in the apex northeastern and western parts of the water area. In the apex
northwestern and central parts a significant decrease in the concentrations of the
studied metals is observed.
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