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Abstract. Modern levels (2010-2020) of 239+240Pu activity concentration in Sevastopol Bay 

(Black Sea) surface waters, 0-5 cm layer of bottom sediments and hydrobionts were 

determined by multistage radiochemical technique. The 239+240Pu activity concentrations in 

Sevastopol Bay surface water were on relatively low level: 1.08±0.09 – 1.54±0.17 mBq·m-3. 

The maximum value of 239+240Pu activity concentration in the bottom sediments surface layer 

was observed in Sevastopol Bay mouth (993±90 mBq·kg-1) and it decreased with distance from 

the bay entrance to its tail end down to the minimum value – 276±53 mBq·kg-1. Based on these 

results as well as on published data the 239+240Pu deposition density distribution in the bay 

boxes and their inventory in 0-5 cm layer of bottom sediments were estimated in every boxes. 

Total 239+240Pu inventory in the bottom sediments surface layer was estimated at 121 MBq, with 

the highest deposition density value determined in the mouth part of the bay. Among studied 

hydrobiont species the highest 239+240Pu content was determined for mollusks (for their shells) 

Mytilus galloprovincialis (Lamarck, 1819) while the lowest – for fish Scorpaena porcus 

(Linnaeus, 1758). Accumulation ability of studied ecosystem components of Sevastopol Bay 

against 239+240Pu was characterized by evaluating concentration factors (Cf). It was shown that 

the bottom sediments of the bay were the main depot for plutonium anthropogenic 

radionucludes (Cf (239+240Pu) = n·105). The Cf (239+240Pu) were from two to three orders of 

magnitude lower for the hydrobionts of the bay: n·103 for brown algae and mollusks and n·102 

for green algae and fish. 

1.  Introduction 

The Black Sea is one of the most polluted inland seas, being affected with pollutants of different origin 

including anthropogenic radionuclides [1]. In the second half of the 20-th century the Black Sea has 

received the input of different artificial radionuclides, including plutonium. The main sources of the 

Black Sea radioactive contamination were atmospheric global fallout after the nuclear weapon tests 

and the accident on Chernobyl nuclear power plant (ChNPP) [1, 2].  

Most of atmospheric fallout originated from the 1960’s when the majority of high-yield nuclear 

devices were tested [3]. The Black Sea located exactly in the 40-50º N latitude band where the 

maximum global fallout was observed [4]. The density of 239+240Pu input to the surface of the Black 
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Sea reached 81 Bq·m-2 and the total inventory of 239+240Pu in the Black Sea related directly to the 

atmospheric global fallout was estimated at 35 TBq [4, 5].  

After the ChNPP accident (1986) the Black Sea received radioactive contamination from the 

atmospheric fallout as well as from rivers runoff:  Dnieper, Dniester, Danube and Bug rivers [6]. The 

total inventory of 239+240Pu in the Black Sea related to the Chernobyl fallout was estimated at 4.6 

TBq [5]. 

Secondary radioactive contamination of the Black Sea ecosystems was considered earlier due to 

increased runoff from the Dnieper and Danube rivers in 1995-1999 and possible role of radioisotopes 

remobilization from the bottom sediments as well in 2010-2013 [7]. The last event was the result of 

the discharge that began in 2010 when contaminated waters from the ChNPP cooler pond were 

drained into the Pripyat River and then they migrated along the Dnieper River to the Black Sea. After 

2010 in the Black Sea areas, an increase of activity concentration of the Chernobyl radioisotopes was 

noted [7]. This fact was confirmed with higher activity ratio of 238Pu/239+240Pu in 2013 in upper 

layer of bottom sediments in the Black Sea north-western part near the Dnieper-Bug estuary [8]. The 

fact should be noticed that nowadays 9 countries have 54 nuclear power units in operation in the Black 

Sea drainage basin, and all of them could be considered as potential source of radioactive 

contamination [9]. 

So, it is an important task to identify processes of 239+240Pu radioecological behavior in the Black 

Sea, especially for coastal ecosystems which are insufficiently studied in this aspect. Sevastopol Bay is 

the largest on the Crimean Peninsula southwestern coast and it is widely used in economic and 

recreation spheres. At the same time various species of aquatic organisms live in the Sevastopol Bay 

ecosystem, many of which are widely used as a seafood. In sea area near the entrance to the bay and in 

mouth part of the bay there are aquaculture farms for the cultivation of bivalve mollusks, in particular 

Mytilus galloprovincialis (Lamarck, 1819) [10].  

The aim of this paper was to assess the modern (2010-2020) levels of 239+240Pu activity 

concentration in Sevastopol Bay ecosystem components: water, bottom sediments and biota (fish, 

mollusks and algae), as well as to estimate the 239+240Pu deposition density distribution in the bay 

boxes and their inventory in boxes, moreover total inventory in the whole bay in the surface (0-5 cm) 

bottom sediments and concentration factors (Cf) for bottom sediments and various biota species 

against plutonium. 

2.  Methods 

Sampling was carried out in 2010-2020 in Sevastopol Bay (Figure 1) with four boxes being 

distinguished according to their different hydrological and hydrochemical regimes and pollution 

degree [11]. Surface (0-5 cm) layer of bottom sediments was sampled at stations 1-8 by 58 mm i.d. 

acrylic tube equipped with vacuum lock [12]. Sampling of surface water (1 m3) was performed in four 

boxes of the bay at stations 2, 5, 6, 8 and in the open sea area abeam the entrance to the bay (st. 1) by 

using radial flow pump with plastic scoop wheel equipped with plastic tubing excluding contact of 

water with metal parts. Samples of fish Spicara maena (Linnaeus, 1758) and Scorpaena porcus 

(Linnaeus, 1758), shells of bivalve mollusks Mytilus galloprovincialis (Lamarck, 1819), brown algae 

Cystoseira barbata (C. Agardh, 1820) and green algae Cladophora laetevirens (Kützing, 1843) were 

taken to assess the level of 239+240Pu accumulation by hydrobionts.  

Plutonium radioisotopes were determined by multistage radiochemical technique [13, 14]. 

Sediments were dried at 60 ºC and homogenized, than aliquot for analysis (20 g) was taken and ashed 

in the muffle furnace. Seawater samples were concentrated with two consequent sorption techniques: 

three-stage co-precipitation with MnO2 and two-stage co-precipitation with Fe(OH)3. This allowed 

concentrating of isotopes to be determined, reducing the samples volume from 1000 l down to 100-

150 ml.  Samples of biota were dried at 60 ºC, ashed in the muffle furnace, homogenized and then the 

aliquot (10-20 g) of ashed residue was taken for analysis. 

 



AFE 2021
IOP Conf. Series: Earth and Environmental Science 937 (2021) 022075

IOP Publishing
doi:10.1088/1755-1315/937/2/022075

3

 

 

Figure 1. Map of Sevastopol Bay with sampling stations 

(black lines – borders of the boxes). 

The ashed samples of bottom sediments and hydrobionts were subjected to double leaching in a 

mixture of HNO3 and H2O2 in a bain-marie and then, along with concentrated water samples, to double 

ion-exchange purification using anion-exchange resin. The resulting eluated samples containing 

purified plutonium were electroplated on stainless steel disks thus preparing counting sources for 

alpha-spectrometry.  

To control the radiochemical yield, 10 mBq of 242Pu to each sample were added. All counting 

samples were measured using semiconductor alpha-spectrometric complex ORTEC OCTETE (USA) 

with semiconductor detectors. The 239+240Pu activity concentration was calculated using the value of 

242Pu added as internal standard and volume or weight of each sample aliquot according to [13]. The 

uncertainties of 239+240Pu activity concentrations included 1σ counting errors of net counts of each 

radionuclide and its chemical yield tracer combined with uncertainties of tracer addition and weighting 

procedure. The 239+240Pu activity concentration was presented in mBq·m-3 for surface water, in 

mBq·kg-1 dry weight for bottom sediments and in mBq·kg-1 wet weight for hydrobionts.  

The assessment of the 239+240Pu deposition density (P, Bq·m-2) and 239+240Pu inventory (Z, 

Bq) in the 0-5 cm layer of the Sevastopol Bay bottom sediments was carried out based on the bay 

morphometric characteristics [11, 15], as well as the values of sedimentation rates (SR, mm·year-1) 

and mass accumulation rates (MAR, g·m-2·year-1) according to data for box 1 [16] and data for boxes 

2-4 [15].  

3.  Results  

The 239+240Pu activity concentration was determined in the bottom sediments of Sevastopol bay for 

all four boxes on stations 2-8 and at the station 1 – outside the bay, abeam the bay entrance. The 

obtained data on the 239+240Pu activity concentration distribution in the 0-5 cm surface layer of 

bottom sediments on eight stations is presented on Figure 2 [12]. 

Nowadays data on surface seawater have been received for the middle part of the bay (st. 6), for the 

bay mouth (st. 2) and for the open sea area (st. 1). The 239+240Pu content in the Sevastopol Bay 

surface water was on relatively low level (Table 1).  
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Figure 2. The 239+240Pu activity concentration distribution in the 0-

5 cm surface layer of bottom sediments in the studied sea areas. 
 

Table 1. The 239+240Pu activity concentration in the surface seawater of the 

investigated sea areas. 
Number of sampling station Data of sampling 239+240Pu±1σ, mBq·m-3 

1 08.04.2019 1.10±0.21 

2 30.05.2019 1.54±0.17 

6 13.06.2019 1.08±0.09 

To determine the levels of plutonium radioisotopes in hydrobionts, a multicellular perennial algae – 

C. barbata, an annual algae – C. laetevirens, in a bivalve filter-feeder mollusk – M. galloprovicialis 

and two fish species (S. porcus – a demersal fish leading a sedentary lifestyle and S. maena – a free-

swimming fish living in coastal waters) were selected. The results of 239+240Pu activity 

concentration determination in the Sevastopol bay hydrobionts are shown on Figure 3. 

 

Figure 3. The 239+240Pu activity concentration in studied species 

of the Sevastopol Bay hydrobionts. 

4.  Discussion 

Generally, the character of plutonium radioisotopes behavior is influenced by its physic-chemical 

properties and a variety of biogeochemical processes in the marine environment, e.g. solubilisation, 

complexation, colloid formation, sorption on suspended matter [17]. The plutonium oxidation state 
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also has a significant effect on its mobility and biogeochemical behavior in marine ecosystems, as well 

as Eh and pH of water environment [18]. It was shown that plutonium radioisotopes demonstrate 

pedotropic character of behavior in the Black Sea, i.e. they are easily scavenged by downward flux of 

suspended matter and eliminated from the water column to the bottom sediments [5].  

The results of our study showed that at all sampling stations the 239+240Pu activity concentration in 

the Sevastopol Bay surface water was almost the same within the statistical uncertainties of the 

obtained values (Table 1). The temporal trends of 239+240Pu activity concentrations in surface water for 

the deep-sea basin of the Black Sea showed its exponential decrease in post-Chernobyl period from 

13.5±3.0 (1986) to 0.48±0.3 (2013) mBq·m-3 [5]. However, for the Sevastopol Bay surface waters the 

values of plutonium activity concentration were higher. This fact is probably can be explained by the 

higher concentration of suspended matter in the investigated coastal area. Plutonium may also be 

remobilized from the bottom sediments of the bay due to their roiling as a result of active navigation 

and secondary radioactive contamination after 2010 with sea water from the Black Sea north-western 

part.     

The maximum values of 239+240Pu activity concentrations in the bottom sediments surface layer (fig. 

2) were observed in the Sevastopol Bay mouth (st. 2) and they decreased with distance from the bay 

mouth (from st. 2 to st. 8). At the same time, the lowest 239+240Pu activity concentration in the bottom 

sediments was found for the open sea part of the studied area (st. 1). It should be noted that the bottom 

sediments in the bay are mainly composed of silts, while outside the bay – they are mostly sands. 

Earlier it was shown that silt bottom sediments in the Black Sea coastal areas had the higher 

accumulation ability with respect to 239+240Pu than sandy bottom sediments [5].  

Based on the plutonium activity concentrations data in the surface layer of the Sevastopol Bay 

bottom sediments, an assessment of the 239+240Pu deposition density distribution and their inventories 

in 0-5 cm layer of the sediments in every boxes and total inventory in the whole bay was carried out 

(Figure 1, 4). The highest value of plutonium deposition density was noted for box 1, while for the 

open sea area it was minimal (Figure 4A). Probably, this fact is caused by different granulometric 

composition of bottom sediments. In addition to this, the construction of breakwaters at the Sevastopol 

Bay mouth, completed in 1986, was likely to have led to mass accumulation rate increase in this area 

of the bay. In turn, this could have led to the accelerated deposition of plutonium, being pedotropic 

element, to the bottom sediments of the bay mouth. The value of 239+240Pu inventory in the 0-5 cm 

layer of bottom sediments in the box 1 was 71.8 MBq (Figure 4B).  

The lowest value of 239+240Pu inventory was determined in the box 4 – 3.4 MBq (Figure 4B). 

Apparently, this was caused by the fact that the Chernaya River flowed into this part of the bay, 

bringing a large amount of coarse sedimentary material, bounding plutonium to a much lesser extent. 

Also, this box is the smallest in area, which causes a low 239+240Pu inventory value compared to the box 

3 (32.4 MBq), although the 239+240Pu deposition density values in them are close (Figure 4).  

Box 2 is relatively isolated from big part of the bay and small in area but its bottom sediments are 

mainly represented by silts which must cause higher 239+240Pu deposition density values and lower 

values of 239+240Pu inventory (13.4 MBq) compared to box 3. The total 239+240Pu inventory in the 0-5 

cm sediment layer of the entire Sevastopol Bay was 121 MBq (Figure 4).   
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Figure 4. The 239+240Pu deposition density distribution 

(A) and 239+240Pu inventory (B) in the 0-5 cm layer of the 

bottom sediments in Sevastopol Bay and st. 1. 

The current levels of 239+240Pu activity concentrations in the Sevastopol Bay hydrobionts are 

relatively low (Figure 3). However, the modern data about plutonium activity concentrations in the 

seawater, bottom sediments and hydrobionts of Sevastopol Bay make allowed the 239+240Pu 

concentration factors calculating for the studied species and bottom sediments (Figure 5).  

 
Figure 5. The 239+240Pu concentration factors for bottom sediments and studied hydrobionts species 

of Sevastopol Bay. 

 

The highest values of 239+240Pu concentration factors were determined for bottom sediments – 

n·105. This confirms the fact that bottom sediments play the leading role in plutonium redistribution in 

the Black Sea coastal ecosystems. The 239+240Pu concentration factors were from two to three orders 

of magnitude lower for representatives of the Sevastopol Bay marine biota. Wherein, fish, which are 

most often consumed by humans for food among studied species, have the least accumulation ability 

against anthropogenic plutonium radioisotopes. Among all studied hydrobionts, the highest values of 
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239+240Pu concentration factors were in perennial multicellular brown alga genus Cystoseira. This 

alga contains a large amount of substances that absorb heavy metals well. In particular, it contains 

about 20-30% of the dry weight of alginates, which can serve as a sorbent for radioisotopes of 

plutonium and determine the high accumulation ability of algae in relation to plutonium as a heavy 

metal [19]. 

5.  Conclusions 

The modern (2010-2020) levels of 239+240Pu activity concentration in the Sevastopol Bay ecosystem 

components were determined. The 239+240Pu deposition density distribution and inventory values in 

the surface (0-5 cm) bottom sediments in Sevastopol Bay were estimated. The 239+240Pu 

concentration factors for bottom sediments and studied hydrobiont species of Sevastopol Bay as a 

quantitative parameter of their accumulation ability were obtained.  

The highest levels of 239+240Pu activity concentration among the studied ecosystem components 

were observed in bottom sediments. The highest 239+240Pu deposition density and inventory values 

in the surface layer of bottom sediments were determined in the Sevastopol Bay mouth area (box 1). 

The total 239+240Pu inventory in the upper 0-5 cm sediment layer of the entire bay was estimated at 

121 MBq.  

It was shown that bottom sediments have the highest 239+240Pu concentration factors (n·105). 

This fact confirms pedotropic type of plutonium behavior in the Black Sea coastal areas, i.e. the 

bottom sediments are the main depot for this anthropogenic radionuclides in Sevastopol Bay.  

Among the studied hydrobionts 239+240Pu concentration factors decreased in the range: brown 

algae and mollusks (n·103) – green algae and fish (n·102). 

Therefore, among the components of the bay ecosystem, the greatest influence on the redistribution 

of plutonium radioisotopes in the bay can be exerted by silt bottom sediments and thickets of perennial 

multicellular brown alga genus Cystoseira and mussel shells.  

Acknowledgements 

Funding: The reported study was funded by RFBR, project number 20-35-90041 and the state 

assignment of the IBSS RAS "Molismological and Biogeochemical Basis of the Homeostasis of 

Marine Ecosystems", no. 121031500515-8.  

The authors are grateful to Natalia Milchakova and Vladimir Alexandrov for determining the 

species of hydrobionts, Ilya Sidorov for help with seawater and bottom sediments sampling, Ekaterina 

Skuratovskaya for fish samples. 

References 

[1] 2005 Worldwide Marine Radioactivity Studies (WOMARS): Radionuclide Levels in Oceans and 

Seas (Vienna: IAEA) 

[2] Egorov V et al 2010 Black Sea: Radionuclides (Hoboken: John Wiley & Sons) 

[3] United Nations Scientific Committee on the Effects of Atomic Radiation 1982 Ionizing 

radiation: sources and biological effects (New York: United Nations) 

[4] Hardy E P, Krey P W, and Volchok H L 1973 Global Inventory and Distribution of Fallout 

Plutonium Nature 241 pp 444–445  

[5] Tereshchenko N N, Gulin S B, and Proskurnin V Yu 2018 Distribution and migration of 

239+240Pu in abiotic components of the Black Sea ecosystems during the post-Chernobyl 

period J Environ Radioact 188 pp 67–78 http://doi.org/10.1016/j.jenvrad.2017.10.002 

[6] Gulin S B et al 2002 Radioactive contamination of the north-western Black Sea sediments 

Estuar Coast Shelf Sci 54(3) pp 541–549 http://doi.org/10.1006/ecss.2000.0663 

[7] Gulin S B et al 2013 Secondary radioactive contamination of the Black Sea after Chernobyl 

accident: Recent levels, pathways and trends J Environ Radioact 124 pp 50–56 

https://doi.org/10.1016/j.jenvrad.2013.04.001 



AFE 2021
IOP Conf. Series: Earth and Environmental Science 937 (2021) 022075

IOP Publishing
doi:10.1088/1755-1315/937/2/022075

8

[8] Tereshchenko N N et al 2018 Geochronological reconstruction of sedimentation flows of 

technogenic plutonium based on radioisotope determination of the sedimentation rate of 

suspended matter into precipitation on a half-century scale. The Black Sea System Scientific 

World Ed: Lisicyn A P pp 641–659 https://sci-info.marine-research.org/biblios/801 Accessed 

4 Aug 2021 

[9] Gulin S B, Proskurnin V Yu, and Sidorov I G 2019 Recent multi-tracer dating of the Black Sea 

sediments: Recovery of the late post-Chernobyl trends of radioactive contamination J 

Environ Radioact 203 pp 154–162 https://doi.org/10.1016/j.jenvrad.2019.03.016 

[10] Chelyadina N, Pospelova N, and Popov M 2021 Effects of environmental factors on changing 

sex structure of cultivated mussels (Mytilus galloprovincialis, Lamarck, 1819) in the coastal 

zone of the Black Sea International Review of Hydrobiology 106(3–4) pp 183–190 

https://doi.org/10.1002/iroh.202002050  

[11] Ivanov V A et al 2006 Hydrological and Hydrochemical Regime of the Sebastopol Bay and Its 

Changing Under Influence of Climatic and Anthropogenic Factors (Sevastopol: Marine 

Hydrophysical Institute of the National Academy of Sciences of Ukraine) 

[12] Tereshchenko N N et al 2013 Radioecological monitoring of plutonium in the bottom sediments 

of the Sevastopol bays Environmental Safety Of The Coastal And Shelf Zones And Integrated 

Use Of Shelf Resources 27 pp 289–293 https://www.elibrary.ru/item.asp?id=25006593 

Accessed 10 Aug 2021 

[13] 2014 A Procedure for the Sequential Determination of Radionuclides in Environmental 

Samples. Liquid Scintillation Counting and Alpha Spectrometry for 90Sr, 241Am and Pu 

Radioisotopes (Vienna: International Atomic Energy Agency) 

[14] Tereshchenko N N et al 2020 Activity concentration of plutonium isotopes in bottom sediments 

and water in Crimean salt lakes J Radioanal Nucl Chem 326 pp 1019–1025 

https://doi.org/10.1007/s10967-020-07388-y 

[15] Egorov V N et al 2018 Rating Water Quality in Sevastopol Bay by the Fluxes of Pollutant 

Deposition in Bottom Sediments Water Resour 45 pp 222–230 

https://doi.org/10.1134/S0097807818020069 

[16] Paraskiv A A 2021 Change in plutonium sedimentation fluxes into the bottom sediments of the 

Sevastopol Bay before and after the Chernobyl NPP accident Marine Biological Journal 6(2) 

pp 69–82 https://doi.org/10.21072/mbj.2021.06.2.05 

[17] Choppin G R and Morgenstern A 2001 Distribution and movement of environmental plutonium 

Radioactivity in the Environment 1 pp 91–105 https://doi.org/10.1016/S1569-

4860(01)80009-7 

[18] Lindahl P et al 2010 Plutonium isotopes as tracers for ocean processes: a review Mar Environ 

Res 69 pp 73–84 https://doi.org/10.1016/j.marenvres.2009.08.002 

[19] Podkorytova A V and Vafina L H 2013 Chemical composition of brown algae from the Black 

Sea: genus Cystoseira, perspectives for their use Works of VNIRO 150 pp 100–106 

http://vniro.ru/files/trydi_vniro/archive/part9.pdf Accessed 6 Aug 2021 

 

https://sci-info.marine-research.org/biblios/801
https://www.elibrary.ru/item.asp?id=25006593
https://doi.org/10.1016/j.marenvres.2009.08.002
http://vniro.ru/files/trydi_vniro/archive/part9.pdf

