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Abstract

The paper aims at assessing redox conditions in the bottom sediments of Kamyshovaya
Bay in comparison with those in other bays of the Sevastopol region, and at studying
the geochemical characteristics of bottom sediments and the chemical composition of
pore waters. The data obtained during expedition research onboard the R/V Victoria
in July 2021 were analyzed. Using the polarographic method of analysis with the use of
a glass Au-Hg microelectrode, experimental data were obtained on the vertical distribu-
tion of oxygen, hydrogen sulfide, oxidized and reduced forms of iron in the pore waters of
Kamyshovaya Bay in summer. Geochemical characteristics of bottom sediments were
determined, such as particle size distribution and organic carbon content. The peculiarities
of their spatial and vertical distribution were considered. The particle size distribution of
sediments in the bay varies. In the upper part of the bay, sediments are represented
by shell gravel and sand, and in the central and southern parts, aleurite and pelite silts
prevail. The content of organic carbon in the surface layer of Kamyshovaya Bay bottom
sediments ranges from 0.3 to 2.2 % dry mass, with an average value of 1.2 % dry mass,
which is lower than in other bays of the Sevastopol region. It was found that the main
characteristics of pore waters were determined by processes involving dissolved forms of
iron (Fe (11, 1), FeS) and hydrogen sulfide. In the upper layer of sediments, suboxic con-
ditions were noted, which indicates the development of oxygen deficiency and formation
of ecological risk zones for the bay ecosystem.
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Mopcroii eudpopusuueckuit uncmumym PAH, Cegacmononw, Poccus
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AHHO TAaIUA

Hens paboTHl — OLIEHUTH OKUCIUTENLHO-BOCCTAHOBHUTEIHHBIE YCIOBHUS B JOHHBIX OTJIOXKE-
Husx KamplmoBoi#t 6yXThl B cpaBHEHUU C ApyruMH OyxTamu CeBacTONOJbCKOTO p erHoHa,
U3YyYUTh T€OXUMUYECKHE XapAKTEPUCTUKU JAOHHBIX OTJOXEHMA W XUMHYECKOTO COCTaBa
NnopoBbIX BoJ. IIpoaHaiM3upoBaHbl JaHHBIE, OMYUYE€HHBIE B XOJ€ IKCIEUIIMOHHBIX HCCIIe-
noBanuit Ha HUC «Bukropusi» B mosie 2021 1. C moMo1ikio nosiporpadud eckoro Metona
aHalM3a C HCIIOJIb30BaHHEM CTCKIIHHOTO Au-HQ-MHKpO3JeKTpoa MOJydeHBl HaTypHBIC
JTaHHBIC BEPTUKAJIBHOTO pacHpe/eNieHns KICIOPoa, CepOBOIOPOIA, OKUCICHHBIX U BO C-
CTaHOBJICHHBIX ()OPM XKejle3a B IOPOBHIX Bojgax KaMbIIoBOW OyXTHl B JIETHHH CE30H.
OrmpenienieHBl TeOXMMHUYECKHE XapaKTEePUCTHKH JOHHBIX OTJIOKEHHUH: TPpaHy TOMETPHYSCKIH
COCTaB, Cofiep KaHle OPTaHMIEeCKOTOo yriepona. PaccMOTpeHBI 0COOCHHOCTH MX MPOCTpaH-
CTBEHHOTO W BEPTHKAJBLHOTO pachpeiesieHus. | paHyJIOMETPUYECKHH COCTaB OCaJKOB
B OyxTe pa3HooOpaseH. B BepxoBbe OyXTHI OTIIOKEHHS MPEICTaBICHBl PaKyIIEYHBIM TP a-
BHEM U MECKOM, a B EHTPAIBLHON M I0)KHOW YacTsX Mpeo0agaloT aleBpUTOBBIE U TEIHT O-
Bble wibl. CoJiepKaHWe OPraHUYEeCcKOTO yIepoia B TOBEPXHOCTHOM CJIO€ JOHHBIX OTJIO-
skennit KambimoBoit 6yxTsl u3mensiercst ot 0.3 10 2.2 % cyxoii Macchl pU CpeHEM 3Ha-
yeHnu 1.2 % cyXxoil Macchl, 4TO HIDKE, 4eM B ApyTrux 0yxTax CeBacTOMOJIBCKOTO PETHOHA.
YCTaHOBIEHO, YTO OCHOBHBIE XapaKTEPUCTUKU MTOPOBBIX BOJ ONPENESUIUCH MPOLE CCaMU
¢ yyactueM pacTBopeHHbIX popm xene3a (Fe (11, I1), FeS) u cepoBogopona. B BepxHem
CJI0€ OTJIOKEHHH OTMEUYEHBI CyOKHCIIOPOJIHBIC YCIOBHA, YTO YKA3bIBaeT Ha Pa3BUTHE Jic-
¢uruTa xucIopoaa u GopMHPOBAHUE 30H HKOJIO THIECKOTO PHUCKA 3 KOCHCTEMBI OYXTHI.

KaodeBbie ¢J10Ba: JOHHBIE OTIOXKCHHS, IIOPOBEIE BOIBI, KHCIOPO, MOJSIpoTpadus,
TpaHyJIOMETPUIECKUIl COCTaB, OpraHudeckuil yriaepoxn, Yepnoe mope, Kamprmosast OyxTa.

BuaarogapHocTHu: paboTa BBIIOJHEHA B paMKax rocyaapcTBeHHoro 3aganus OI'BYH
OUIT MI'N o Teme Ne 0555-2021-0005 «IIpubperxHble HCCISAOBAHUD, a TAKXKE MPU TI0 -
nepxke npoekra PODU Ne 20-35-90103 «DakTopsl, onpenemsione NOTOKH KHCI0Po1a
U CepOBOJOPOJIa Ha FPAHUIIE BOAA — JOHHBIE OTIIOKEHHUS B MOPCKUX DKOCHCTEMAX).
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Introduction

Bottom sediments are a thermodynamically non-equilibrium system with
a certain energy reserve, generally determined by the content of the organic matter
(OM) and the processes of its transformation®. In the water-bottom interface,
significant gradients of substance concentration are observed with the formation
of the flows of substances, which depend on the conditions and characteristics of

D Volkov. 1.1.. 1979. Ocean Chemistry. Vol. 2: Geochemistry of Bottom Sediments. Moscow: Nauka,
536 p. (in Russian).
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both the bottom water layer and the bottom sediments themselves. To the greatest
extent, this applies to oxygen and hydrogen sulfide, which are the determining
substances in the study of the formation of environmental redox conditions, as
well as the components that determine the possibility and conditions for the exist-
ence of benthic organisms [1]. It should be noted that hydrogen sulfide is a cata-
lytic poison resulting in respiratory depression and death of benthic organisms [2].

It is known that dissolved oxygen from the surface layer of water enters the
bottom layer of water and bottom sediments due to the processes of advection and
diffusion. If the rate of its consumption in the oxidation process exceeds the rate
of its intake, oxygen deficiency goes poorly. [3]. Nevertheless, the course and
intensity of biogeochemical processes associated with the involvement of oxygen
primarily depend on the geochemical characteristics of bottom sediments (organic
carbon content and particle size distribution of sediments) [4]. The consumption
of oxygen for the respiration of microorganisms, as well as its involvement
in biogeochemical processes with OM and other reduced compounds, results in
the predominance of the process of OM anaerobic oxidation.

Consequently, the reduced forms of nitrogen, metals, and sulfur appear in
the upper layer of bottom sediments, and anoxia areas are formed [5]. Thus,
the chemical composition of pore waters reflects the biogeochemical processes
occurring in bottom sediments [6].

The increase in the number of coastal ecosystems, in the bottom sediments
and near-bottom water layer of which oxygen deficiency is observed, is primarily
associated with an increase in the OM flow due to anthropogenic activity [7].

Kamyshovaya Bay is a typical example of a marine coastal ecosystem sub-
ject to anthropogenic impact. On its shores, the Sevastopol Sea Fishing Port, an
oil terminal, two permanent and one emergency sewage outlets, storm drains,
a cement plant, a boiler station, and multi-storey buildings are located [8, 9]. The
breakwater at the entrance to the bay hinders water exchange with the open part
of the sea and contributes to the accumulation of pollutants, including organic
carbon, in bottom sediments.

For many years, researchers of the Institute of Biology of the Southem Seas
of the Russian Academy of Sciences (IBSS, Sevastopol) have been studying the
ecosystem of Kamyshovaya Bay. In [9, 10], the main hydrological characteristics
of waters and geochemical characteristics of sediments were studied, and the con-
tent of chloroform-extractable substances (CES) and hydrocarbons in the surface
layer of bottom sediments of the bay was estimated. It was established that
the natural humidity in the bottom sediments of Kamyshovaya Bay varied
from 28 to 52 %, its value was close to that of Sevastopol Bay. Oxidized condi-
tions (Eh from +276 mV) in the sands of the mouth of the bay gave way to re-
duced conditions (Eh up to =59 mV) in the silts of the central part, while pH var-
ied from 7.3 t0 8.3. Nevertheless, most of the surface layer of bottom sediments is
characterized by oxidized conditions. Pollution of bottom sediments with CEV
and oil products was observed in the central part of the bay, while the values of
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their concentrations here were substantially lower than in other bays of the Sevas-
topol region [9, 10].

Since 2014, the cargo tumover of the fishing port of Kamyshovaya Bay has
decreased, as well as the number of ships entering the port. By 2017, the cargo
turnover dropped to 300 thousand tons from 2.5 million tons [10]. Nevertheless,
the level of pollution of bottom sediments remains, although in some areas it has
been slightly reduced [11]. At the same time, no studies on the features of the
spatial and vertical distribution of organic carbon (C,) in the bottom sediments
of Kamyshovaya Bay, as well as the vertical distribution of oxygen, hydrogen
sulfide and other key components of pore waters, have been previously conduct-
ed. Similar studies were carried out for such bays of the Sevastopol Region as
Balaklava Bay [12], Sevastopol Bay [4, 13], Omega [13], and coastal regions of
the Crimean shelf [14, 15].

This work aims at the assessment of the redox conditions in the bottom sed-
iments of Kamyshovaya Bay and other bays of the Sevastopol Region, studies of
the geochemical characteristics of bottom sediments and chemical composition of
pore waters.

Materials and methods

Bottom sediment samples to study the physicochemical characteristics of
sediments and chemical composition of pore waters were taken in July 2021.
A total of nine samples of the surface layer of bottom sediments and two cores
were taken (Fig. 1).

Sample taking and preparation of bottom sediments were carried out in ac-
cordance with regulatory documents (GOST 17.1.5.01-80; 1SO 5667-19:2004).
Samples of the upper layer of sediments (0-5 cm) were taken using a Petersen
grab. Bottom sediment cores for studying the vertical structure of the sediment
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Fig. 1. Map of bottom sediment sampling stations
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were taken using Plexiglas tubes, hermetically sealed from above and below. This
method of sampling made it possible to preserve the fine structure of the surface
layer of bottom sediments and the bottom water layer.

To obtain the chemical profile of pore waters, the polarographic method of
analysis was used with a glass Au—Hg microelectrode [4, 16, 17]. A silver chlo-
ride electrode saturated with silver chloride was used as a reference electrode, and
a platinum electrode was used as an auxiliary one. Profiling of bottom sediment
cores was carried out with a vertical resolution of 1 to 10 mm. The main ad-
vantage of the method is the ability to analyze the composition of the pore waters
of bottom sediments under conditions as close to natural ones as possible, without
disrupting the sample and additional sample preparation, with high sensitivity
(in particular, O, — 5 uM, H,S — 3 uM). The method error makes 10 %. Using this
method, it is possible to study the dynamic processes occurring in the upper layer
of sediments, where great varieties of reactions take place, including the mineral-
ization of OM [4, 16, 17]. In the laboratory, to analyze the physicochemical char-
acteristics, the cores were separated into layers 1-2 cm thick using a manual ex-
truder and an acrylic ring.

The particle size distribution of bottom sediments was determined by the mass
content of particles of various sizes expressed as a percentage, in relation to the
mass of the soil dry analysis. In this case, a combined method of decantation and
dispersion was used. The aleurite and pelite fraction (< 0.05 mm) was separated
by wet sieving followed by gravimetric determination of the dry mass. Coarse
fractions (> 0.05 mm) were separated by dry screening using standard sieves
(GOST 12536-2014).

The content of C,, was determined by the coulometric analysis using
AN-7529 express analyzer according to the method adapted for sea bottom sedi-
ments [18].

Results and discussion

The particle size distribution of sediments in the bay is diverse (Fig. 2,
Table 1). It is established that the average size of sediment particles in
Kamyshovaya Bay (1.5 mm) is higher than the average particle size in Sevas-
topol (0.23 mm), Kazachya (0.45 mm) [19], and Balaklava (0.46 mm) [20] Bays.

In the head of the bay (stations 40-42), sediments are represented by shell
gravel and detritus, as well as sand (Fig. 2, a, b). In this part of the bay, the maxi-
mum concentration of coarse-dispersed gravel and pebble material (34—76 %) and
the minimum concentration of fine-dispersed pelite-aleuritic silts (1-2 %) are ob-
served. Toward the apex, the proportion of coarse-grained shell material de-
creases, while the proportion of fine-grained pelite silts increases. In the bay central
part (stations 37-39), sediments consist mainly of aleuritic and pelitic silts (Fig. 2,
c, d), and the proportion of the clay fraction in this area makes on average 94 %.
Sediments in the southem part of the bay are characterized by the presence of
shell detritus (up to 33%), as well as the maximum content of pelite material
(81 %) in the apex station (station 35a).
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Fig. 2. Distribution of gravel (a), sand (b), aleurite and pelite
(c), pelite and aleurite (d) fractions in bottom sediments

The increased proportion of finely dispersed material in the central part and
especially in the southern shallow part of the bay is primarily determined by the
peculiarities of the morphometry of the bay and a large number of moorings and
piers acting as wave shadows resulting in the accumulation of material, as well as
by the features of hydrodynamics and weak water exchange. Thus, all the rain
and municipal wastewater material accumulates here.

This was reflected in the distribution of organic carbon in the surface layer of
bottom sediments of Kamyshovaya Bay (Fig. 3, a; Table 1), which varied from
0.3-0.4 % dry wt. at the stations near the bay outlet up to 2-2.2 % dry wit.
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Table 1. Particle size distribution of bottom sediments and organic carbon content

Fractions, %
Station Con, %
number|  Grayel Sand Aleurite-pelitic Pelite-aleuritic 9
(10-1 mm) | (<1-0.1 mm)| (<0.1-0.05 mm) | (<0.05-0.001 mm)
42 534 44.2 13 1.1 0.3
41 33.8 63.6 1.2 14 0.3
40 75.8 19.3 3.1 1.8 0.4
39 5.1 2.3 20.7 71.9 1.9
38 5.0 5.1 27.0 63.0 1.3
37 0 1.1 33.7 65.2 2.2
36 33.0 12.1 12.9 42.0 1.2
35 32.8 11.0 17.0 39.2 1.8
35a 0 1.3 18.1 80.6 14

at the stations in the central bay with a gradual decrease in its apex. The average
Corg COntent in the bottom sediments of Kamyshovaya Bay (1.2 % dry wt.) was
lower compared to other bays of the Sevastopol Region: Omega (1.4 % dry wt.),
Balaklava (1.97 % dry wt.) [20], Kazachya (2.7 % dry wt.) [21], Sevastopol
(3.7 % dry wt.) and Streletskaya (4.3 % dry wt) Bays [21]. This can indicate
the absence of a permanent source of OM in the bay. The maximum values of
the organic carbon content were observed in the places of accumulation of finely
dispersed material (Fig. 2; 3, a). As for the samples of the sediments surface lay-
er, a high positive correlation (0.91) between the concentrations of C,y and the
content of pelite-aleuritic material was observed.

Except for the spatial variability of the content of organic carbon in the sur-
face layer of bottom sediments, its vertical profile was also studied for sta-
tions 35a and 39 (Fig. 3, b, Table 2). It was established that for the central bay
(station 39), the C, value in the 0-10 cm layer remained practically unchanged
(within 0.1 %), while in the 12-14 cm layer it increased, reaching the maximum —
2.2 % dry wt. This nature of the vertical C,y can indicate that the level of
the man-caused impact on the bottom sediments of Kamyshovaya Bay has not
changed in recent years.

For the apex of the southern part of the bay (station 35a), the C,, concen-
tration in the 0-10 cm layer decreased from 1.6 % to 0.7 % dry wt., and then
increased to 1.5 % dry wt. in the 16-18 cm layer. Elevated C, concentrations
in the upper layers of the apex point to the presence of OM sources in this area,
probably of anthropogenic origin.
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Fig. 3. Peculiarities of spatial (a) and vertical (b) distribution of Cgy
in bottom sediments of the bay (green line — St. 35a, orange line — St. 39)

Table 2. Vertical distribution of organic carbon in bottom sediments

: COYg: %!
Station in sediment layer, cm

number
0-2 2-4 4-6 6-8 8-10 | 10-12 | 12-14 | 14-16 | 16-18

35 1.62 1.13 1.26 1.13 0.75 1.04 1.30 1.49 1.46
39 1.75 1.76 1.66 1.82 1.68 181 2.18 - -

Analysis of the pore waters of bottom sediments showed the development
of oxygen deficiency in the upper layer of sediments at station 39 (67 % sat.,
163 pM). A similar situation is observed in Sevastopol (122 uM) [13] and
Kazachya (126 uM) Bays. As a comparison, the oxygen concentration in the upper
layer of sediments in the coastal areas of the Crimean Peninsula shelf varied on
average from 200 to 300 uM [4, 15]. Oxygen at station 39 penetrated the sedi-
ment to a depth of 2 mm (Fig. 4, a). In general, the insignificant depth of oxygen
penetration into the sediment can be explained by the finely dispersed nature of
the sediments in Kamyshovaya Bay.
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Fig. 4. Vertical profiles of pore waters of Kamyshovaya Bay
at Stations 39 (a) and 35a (b) in July 2021

The main component of pore waters was iron (Fig. 4, a). The concentration
of Fe (I) increased with depth, reaching its maximum (628 uM) in the 16 mm
layer, and then decreasing. The maximum content of Fe (II1) was observed in the
11 mm layer, with the features of the vertical distribution similar to those of Fe (l1).
No hydrogen sulfide was recorded at this station. Thus, suboxygen conditions
were observed in the surface layer of bottom sediments. The main biogeochemi-
cal processes proceeded with the participation of iron (Fe (11, 111)).

In the bottom sediments surface layer in the apex part (station 35a), the oxy-
gen content decreased to 48 uM (20 % sat). The chemistry of pore waters was
determined by processes including dissolved forms of iron (Fe (I, 1)) and hy-
drogen sulfide (Fig. 4b). The pore water predominant component was hydrogen
sulfide. In general, its distribution was uniform, with the maxima in the 19 and
75 mm layers (with the values of 51 and 53 puM, respectively). The peak of
hydrogen sulfide in the upper part of the core can indicate a ‘fresh’ source of the
organic matter. At the same time, the content of hydrogen sulfide in the pore wa-
ters of this area was lower compared to its content in other bays of the Sevastopol
Region. Thus, in Balaklava Bay, the maximum concentrations of hydrogen
sulfide reached 73 uM [12], in Omega — 213 puM, in Kazachya — 941 uM,
in Yuzhnaya — 1,538 uM [13]. As a comparison, on the westem coast of the Cri-
mean Peninsula, the concentration of hydrogen sulfide in bottom sediments
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reached 276435 uM [15]. Atthe same time, the pore waters of bottom sediments
in the apex part of Kamyshovaya Bay were characterized by a high content of Fe
(1) with a maximum concentration of 3,384 uM in the sediments upper layer
(0-30 mm). The obtained values are significantly higher than in Balaklava
(861 uM) and Kazachya (2,005 pM) Bays, and are close to the value obtained
at the station in the Yalta Region (4,500 uM) [15], but lower than in Yuzhnaya
Bay (8,292 uM). Based on the vertical profile of the pore waters components,
it can be concluded that suboxygen conditions are still observed in the upper part
of the sediment (0—10 mm), but anaerobic conditions predominate below.

Conclusions

New field data on the chemical composition of pore water (vertical distribu-
tion of oxygen, hydrogen sulfide, oxidized and reduced forms of iron) and geo-
chemical characteristics of bottom sediments (particle size distribution, organic
carbon content) for Kamyshovaya Bay are obtained and analyzed.

It is established that the chemistry of pore waters is determined by processes
involving dissolved forms of iron (Fe (II, I11)) and hydrogen sulfide. Suboxygen
conditions are observed in the upper layer of sediments, which indicates the for-
mation of zones of ecological risk in the ecosystem of the bay.

In the head of the bay, sediments are represented by shell gravel and sand,
and in the central and southem parts by aleurite and pelite silts. The content of
organic carbon in the surface layer of the bottom sediments of Kamyshovaya Bay
varies from 0.3 to 2.2 % dry wt., which is lower than in other bays of the Sevas-
topol Region.

The analysis of the obtained results suggests the absence of significant per-
manent sources of OM. Nevertheless, despite the previously observed general
decrease in the man-caused impact on the ecosystem of the bay in recent years,
the content of OM increases. Apparently, the increase in the content of OM
against the background of a decreasing man-caused impact is explained by the
influence of such natural factors as the influx of terrigenous material with storm
drains, the morphology of the apex of the bay, its weak water exchange with oth-
er parts of the water area and with the open sea.

The continuation of such trends can lead to a change of the currently ob-
served suboxygen conditions in bottom sediments by anaerobic ones. The risk of
suffocation phenomena will increase resulting in the appearance of lifeless spaces
in the water area.
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