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                     Abstract     The main objectives of this study were to inves-

tigate the distribution features of the  210 Po in abiotic (water 

and bottom sediments) and biotic (zooplankton, mollusks, 

fi sh) components of the North Crimean Canal (NCC) aquatic 

ecosystem and adjacent irrigated soils as well as assessment 

of the doses received by water organisms from α-radiation 

of absorbed  210 Po. The samples were processed using 

standard radiochemical methods accepted in international 

practice. The activity of  210 Po in the samples was meas-

ured using the alpha-spectrometric OCTETE Plus complex 

(ORTEC-AMETEK, USA). The measurement error did not 

exceed 20%. Activity concentration of  210 Po in the studied 

objects decreased in the following rank: suspended matter 

(73.6 Bq/kg d.w.) > soils (32.5 Bq/kg d.w.) ≈ bottom sedi-

ments (32.1 Bq/kg d.w.) > mollusks (23.4 Bq/kg w.w.) > fi sh 

(6.4 Bq/kg w.w.). The  210 Po distribution coeffi  cient ( K  d ) val-

ues in water between suspended matter and its dissolved 

parts varied within the 1.4 ×  10 4 –1.4 ×  10 5  L/kg range. 

The concentration factors (CF) of  210 Po for hydrobionts of 

the NCC were in the range  10 3 –10 4  L/kg. The calculated 

absorbed radiation doses from  210 Po alpha radiation for the 

hydrobionts of the North Crimean Canal were signifi cantly 

below the recommended dose limits. 

   Keywords      210 Po    ·  North Crimean Canal ecosystem    · 

 Water    ·  Hydrobionts    ·  Bottom sediments    ·  Irrigated soils    · 

 Equivalent dose  

       1  Introduction 

 Polonium-210 ( 210 Po) is a naturally occurring radioactive 

isotope completing the decay chain of the  238 U- 226 Ra series. 

It has the longest half-life (about 138 days) among the seven 

natural polonium isotopes.  210 Po is one of the most impor-

tant radioactive isotopes for studying natural radionuclides 

because of its high radiological signifi cance.  210 Po is the 

main contributor (≥ 60%) to the radiation dose created in 

water biota by incorporated polonium because of its physical 

and chemical properties (Cherry and Shannon  1974 ; Cherry 

and Heyraud  1982 ,  1988 ; Carvalho  1988 ,  2011 ; Aarkrog 

et al.  1997 ; Alam and Mohamed  2011 ). For humans, polo-

nium isotopes are among the most radiotoxic nuclides 

(McDonald et al.  1986 ). One of the main sources of  210 Po in 

the human body is food, including fi sh and mollusks (Zhou 

et al.  2023 ). Therefore, study of  210 Po accumulation and dis-

tribution in diff erent components of aquatic ecosystems is 

an important task. 

 The freshwater environment encompasses standing 

waterbodies such as lakes, ponds and wetlands, and mov-

ing water, such as rivers and streams as well as artifi cial 

canals. The aquatic environment is characterized by the 

fl ow regime, quality of water and bottom sediments, and 

local species of plants and animals, including primary 

producers and primary and secondary consumers (IUR 

 2006 ). The concentrations of  210 Po within moving water 

would be expected to refl ect the environmental conditions 

in the catchment area as well as both natural and anthro-

pogenic sources. The levels of  210 Po in freshwater sys-

tems are infl uenced by in situ decay of  210 Po progenitors, 

fl uvial inputs and atmospheric deposition (IAEA  2017 ). 

Signifi cant local intake of  210 Po can also occur from vari-

ous anthropogenic sources such as liquid waste gener-

ated during phosphate ore processing, uranium mining 
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and processing waste, and oil and gas extraction (Baxter 

 1996 ; IAEA  2017 ). The  210 Po concentration in water varies 

throughout the year depending on variable atmospheric 

depositions infl uencing the transfer of  210 Po from sur-

rounding areas to the waterbody (Barnett et al.  2009 ). In 

the aquatic environment, polonium is associated mostly 

with organic matter in dissolved and suspended (detritus, 

phyto- and zooplankton) forms. Moreover, up to 99% of 

 210 Po is associated with suspended organic matter (Barnett 

et al.  2009 ; IAEA  2017 ). Therefore, transfer of suspended 

organic matter mainly determines the behavior of  210 Po in 

aquatic systems. As suspended particles settle to bottom 

sediments, polonium is scavenged from the water column 

(IAEA  2017 ). Polonium has also been shown to become 

volatile in fresh waters by the action of microorganisms 

(Kim et al.  2000 ). The levels of  210 Po in sediment are infl u-

enced by the cycling of iron and manganese as the redox 

conditions change in the sediment. Overall, a portion of 

the polonium in sediment may be reintroduced into the 

water column by diff usive processes (IAEA  2017 ). The 

activity concentrations of  210 Po in oxic waters are mostly 

in the range of 1–5 mBq/L (Kim et al.  2005 ). Polonium in 

surface water can be directly transferred to other surface 

waterbodies or can deposit and migrate in bottom sedi-

ments. It can also be taken up by freshwater organisms, 

thus entering the food chain. The transfer in surface water 

occurs through a combination of processes, including 

(IAEA  2017 ):

    •  diff usion and dispersion caused by gradients of concen-

tration and the turbulent motion of water;  

   •  transport caused by water currents;  

   •  exchanges of contaminants between the dissolved and 

solid phases (suspended solids);  

   •  deposition and remobilization following interaction 

with suspended matter and bottom sediments.    

 The strong association of  210 Po with particles and its 

short half-life mean that signifi cant transport of activity to 

a long distance from the entry site is not typical of polo-

nium’s geochemical behavior (Barnett et al.  2009 ; IAEA 

 2017 ), and measured concentrations generally refl ect the 

local supply rates. The study of  210 Po in water is therefore 

important as a means of studying geochemical processes 

as well as of interest from a human health perspective 

when the water is to be used for drinking or irrigation 

(IAEA  2017 ). It is assumed that the growth of uranium 

mining as well as development of other mineral extraction 

and processing activities in the future will increase the 

waste from these processes. This may cause to an increase 

of anthropogenic intake of  210 Po in the aquatic environ-

ment, likely increasing the radiological impact of  210 Po on 

aquatic organisms (IAEA  2017 ). 

 The North Crimean Canal (NCC) is known as the most 

important source of fresh water for the entire Crimea. The 

water from the NCC is used for both agricultural needs and 

fi lling several reservoirs located on the Crimean Peninsula. 

The water system of the NCC includes the main canal, irri-

gation canals through which the Dnieper water enters the 

agricultural lands as well as outlet canals to discharge the 

water used. The restoration of the Dnieper water supply 

through the North Crimean Canal after a long break (from 

2014 to 2022) allowed resuming important radioecological 

studies in this region (Mirzoeva et al.  2022 ). 

 The purpose of the investigation was to identify the char-

acteristics of the intake, trends in the biogeochemical distri-

bution and elimination of  210 Po in the aquatic ecosystem of 

the North Crimean Canal and adjacent irrigated agricultural 

soils as well as the impact of ionizing radiation from  210 Po 

on hydrobionts. 

 To achieve this scientifi c research goal, the following 

tasks were carried out:

    •  determination of the  210 Po activity concentration in water 

(dissolved form and on the suspended matter), hydrobi-

onts, bottom sediments of the NCC and soils of nearest 

irrigated fi elds;  

   •  comparison of data obtained at diff erent sampling points 

during the investigation period;  

   •  calculation of the  210 Po distribution coeffi  cient  (K d ) for 

suspended matter and bottom sediments and concentra-

tion factor (CF) for hydrobionts;  

   •  assessment of radiation dose obtained by studied hydro-

bionts of  210 Po ionizing radiation.    

 Study of  210 Po behavior in the ecosystems of the North 

Crimean Canal and surrounding area is carried out here for 

the fi rst time in the canal’s history to our knowledge, show-

ing its importance. 

     2   Materials and methods 

    2.1   Sampling 

 The materials for the present investigations were collected 

during 2022–2023 in diff erent parts of the North Crimean 

Canal and surrounding areas. Sampling was carried out at 

nine sampling points (SP) located along the entire length of 

the North Crimean Canal as presented in Table  1 .  

 Location of the sampling sites is shown in Fig.  1 .         

 The Thirty-four surface water samples, four sediment 

samples (scraped from the concrete canal walls), soils (top 

5 cm layer) and nine samples of hydrobionts were collected 

for analysis (Table  1 ). The 20-l water samples were imme-

diately acidifi ed to pH ≈ 2 with hydrochloric acid. 
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 A Jedy plankton net was used for zooplankton sampling. 

Fishing was carried out with fi shing net (5 mm mesh). 

     2.2   Radiochemical procedure and alpha spectrometry 

 Suspended matter was separated from water samples by 

fi ltration through a preliminarily weighted membrane fi lter 

(porosity 0.45 microns).  210 Po was extracted from fi ltered 

water samples by co-precipitation with Co-APDC (ammo-

nium pyrrolidine-dithiocarbamate) and  Pb 2+  as a carrier. The 

precipitate was separated by fi ltration using a glass fi ber fi l-

ter (Chen et al.  1998 ). The fi lters with collected particles 

were dried to a constant weight, and then they were weighed 

again. The bottom sediment and seaweed were dried in the 

same conditions. About 0.5 g of dry sediment was used for 

analysis. The mollusks were removed from shells. Only 

soft bodies were used for  210 Po analysis. Samples of aquatic 

organisms were washed with water, excess moisture was 

removed with fi lter paper and then weighed to determine the 

wet weight; 1–5 g of homogenized tissues was used for  210 Po 

determination (Chen et al.  1998 ). Samples were then treated 

with strong acids (HCl,  HNO 3 ) and 30% hydrogen peroxide 

 (H 2 O 2 ) with heating for 1.5–5 h. The solutions were fi ltered 

and evaporated to dryness. Residue was dissolved in 0.3 M 

HCl (Chen et al.  1998 ). 

 The alpha spectrometry source was prepared by sponta-

neous polonium deposition on the silver disc surface with 

heating to 85–90 °C for 3.5–4 h (Chen et al.  1998 ).  208 Po was 

used as the tracer for the  210 Po chemical yield. 

 Prepared sources were measured using an ORTEC-Ame-

tek “ALPHA Duo” alpha spectrometer with two vacuum 

chambers equipped with ion-implanted Ultra-AS detectors 

(450  mm 2 ). A  242 Pu- 243 Am standard source was used for 

detector energy calibration and determination of counting 

effi  ciency. 

     2.3   Processing of alpha-spectrometry results 

 The activity concentration of  210 Po in the water samples 

is given in mBq/L for the bottom sediment, suspended 

  Table 1       Location and characteristics of the sampling points (SP) for the North Crimean Canal  

  SP 

No.  

  Coordinates    Name    Date    Description of SP    Collected materials  

  1    46°07′28.370″ N; 33°41′42.600″ E    Armyansk    15.03.2022    Located in the main canal, entry 

point of NCC to Crimean Peninsula  

  Water  

  2    45°57′26.084″N; 33°49′18.397″E    Krasnoperekopsk    12.08.2022 

 08.11.2022 

 01.03.2023 

 02.06.2023 

 08.06.2023 

 23.06.2023  

  Located in the main canal. It was 

considered the entry point to the 

North Crimean Canal into Crimea 

after the authorities restricted 

access to the canal section in the 

Armyansk area in 2022  

  Water; bottom sedi-

ments; zooplankton  

  3    45°55′419″N; 33°54′223″E    Ilyinka    06.10.2022 

 16.05.2023 

 24.08.2023  

  Located at the entrance to the irriga-

tion canal leading to the irrigation 

system of rice fi elds between Ishun 

and Ilyinka villages  

  Water  

  4    45°55′41.972″N; 33°54′22.108″ E    Krepkoe    02.06.2023    Sowing fi elds in the area of Krepkoe 

village, irrigated with water from 

the North Crimean Canal  

  Irrigated soils  

  5    45°51′02.701″N; 33°28′36.353″E    Portovoe    06.05.2022 

 06.10.2022 

 16.05.2023 

 24.08.2023  

  Located in the coastal zone of 

Karkinitsky Bay (Black Sea) near 

Portovoe village. area of water dis-

charges from irrigated (rice) fi elds  

  Water  

  6    45°45′50.010″N; 34°26′23.017″E    Pobednoe    27.04.2022 

 02.11.2023  

  Located in the main canal in front 

of pumping station 1 (PS-1) near 

Pobednoe village  

  Water; bottom sediments  

  7    45°17′22.800″N; 34°56′77.900″E    Sovietskiy    06.05.2022 

 21.06.2022  

  Located in the main canal in front 

of pumping station 2 (PS-2) near 

Sovietsky village  

  Water; mollusks  

  8    45°20′39.480″ N; 36°00′36.420″E    PS-3    12.08.2022 

 19.10.2023  

  Located in the main channel in front 

of the most powerful pumping 

station (PS-3) of North Crimean 

Canal. The station provides a 67-m 

rise of water in the Canal  

  Water; fi shes  

  9    45°21′51.00″N 

 36°30′02.50″E  

  Kerch Strait    19.10.2023    Located in the coastal area in the 

Kerch Strait near the city of Kerch  

  Water  
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particles and Bq/kg dry weight (d.w.), for living organ-

isms, Bq/kg wet weight (w.w.).  210 Po activity concentration 

in the samples was calculated according to the methods 

recommended by (EPA  1984 ). The activity concentration 

(C) of  210 Po in the natural sample was determined by the 

formula:

     

where  C  is the activity concentration of  210 Po in Bq/kg or 

mBq/L;  A  is the pulse count at the peak of  210 Po;  A  bkg  is the 

background count under the  210 Po peak;  B  is the pulse count 

at the  208 Po peak;  B bkg  is the background count under the 

 208 Po peak;  E  is the counting effi  ciency of the alpha detector; 

 F  is the activity of  208 Po (tracer) added to the sample (dps); 

 M  is the mass of the sample (kg), and  V  is the water volume 

(l);  T  is the measurement time (s). 

 To calculate the statistical uncertainty of the result of 

the  210 Po source measurement, the following formula was 

used (Mayer  1999 ):

     

 (1)C = [(A−Abkg) × F
]
∕
[
(B−Bbkg) × E × M(V) × T]

 (2)𝜎 =

√
𝜎

2
210

+ 𝜎
2
208

where  σ  210  = uncertainty of the result of  210 Po measuring; 

 σ  208  = uncertainty of the result of  208 Po measuring. 

 With a single long-time measurement of the source, 

standard uncertainties  σ  210  and  σ  208  were calculated using 

the formulas:

     

     

where  S  210  and  S  208  are areas under the peaks of the  210 Po 

and  208 Po spectra, respectively. 

 The permissible error of  210 Po determination (Mayer 

 1999 ) did not exceed 20% for water and 10% for the bottom 

sediments and aquatic organisms. 

 The distribution coeffi  cients ( K  d ) were calculated as the 

relationship between  210 Po activity concentration in sus-

pended matter or bottom sediments and  210 Po activity con-

centration in dissolved form in water (IAEA  2004 ,  2017 ) 

as follows:

 (3)𝜎210 =

√
1

S210

 (4)𝜎208 =

√
1

S208

  Fig. 1       Scheme map of sam-

pling in the North Crimean 

Canal area  
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 The concentration factor (CF) was used to assess the abil-

ity of biotic components in the ecosystem to accumulate 

 210 Po (IAEA  2004 ,  2017 ):

      

 The approaches and criteria described in Blaylock et al. 

( 1993 ), Thomas and Liber ( 2001 ) and IUR ( 2002 ) were used 

to calculate the absorbed dose formed by the  210 Po alpha 

particles in living organisms as well as the formula proposed 

by Blaylock (Blaylock et al.  1993 ):

     

where  D  = absorbed dose received by organisms during the 

year from accumulated  α  = emitting radionuclide, (Gy/year); 

 C  org  = concentration of radionuclide in the organism (Bq/kg 

w.w.);  E  = energy of the studied radionuclide, MeV. 

 Conversion factor = 20 for  α -emitters was used to calcu-

late equivalent doses (Sv/year) obtained by aquatic organ-

isms (Blaylock et al.  1993 ; Thomas and Liber  2001 ). 

 (5)
Kd =

210Poactivity concentration in suspended matter, bottom sediments, Bq/kg d.w.

210Poactivity concentration in water, Bq/L

 (6)

CF =
210Poactivity concentration in hydrobiont, Bq/kg

210Poactivity concentration in water, Bq/L

 (7)D = 5.04 × 10−6 × Corg × E

      3   Results 

    3.1    210 Po in the abiotic components of the NCC 
ecosystem 

 Data on the  210 Po activity concentration in dissolved and 

suspended (> 0.45 microns) phases of the water samples 

from study area are presented in Table  1 . 

 Notably, the levels of  210 Po activity concentrations in the 

suspended matter in the North Crimean Canal in 2022–2023 

varied signifi cantly: up to one order of magnitude. Minimal 

value of  210 Po activity concentration in suspended phase was 

11.0 ± 1.6 Bq/kg d.w. and maximum was 145.5 ± 10.8 Bq/

kg d.w. The  210 Po activity concentrations in the dis-

solved form varied within narrower ranges (up 0.4 ± 0.1 to 

0.9 ± 0.2 mBq/L). 

 A comparative assessment of the concentration levels of 

 210 Po from the coastal waters of the Black Sea adjacent to 

the NCC territory was carried out. Variability of  210 Po activ-

ity concentrations in the suspended matter of the Black Sea 

coastal area (Karkinitsky Bay, SP No. 5 Portovoe) was sig-

nifi cantly less during the entire observation period (Table  2 ).  

 Highest  210 Po activity concentrations in suspended matter 

were observed in sampling sites located in the beginning of 

  Table 2        210 Po activity concentration and distribution coeffi  cient ( K  d ) of water of the North Crimean Canal and surrounding areas  

  SP No.    Sampling site    Sampling date     210 Po activity concentration     K  d  L/kg  

  Dissolved 

 mBq/L  

  Suspended 

 Bq/kg d.w  

  1    Main canal, Armiansk    15.03.2022    0.8 ± 0.1    11.0 ± 1.6    1.4 ×  10 4   

  2    Main canal, Krasnoperekopsk    08.11.2022    0.7 ± 0.1    30.1 ± 2.8    4.3 ×  10 4   

  2    Main canal, Krasnoperekopsk    01.03.2023    0.6 ± 0.1    107.3 ± 8.8    1.8 ×  10 5   

  2    Main canal, Krasnoperekopsk    02.06.2023    0.7 ± 0.1    145.5 ± 10.8    2.1 ×  10 5   

  2    Main canal, Krasnoperekopsk    23.06.2023    0.7 ± 0.2    83.1 ± 7.5    1.2 ×  10 5   

  4    Irrigation (rice) canal, Iliynka    06.10.2022    0.6 ± 0.1    108.3 ± 9.0    1.8 ×  10 5   

  4    Irrigation (rice) canal, Iliynka    16.05.2023    0.7 ± 0.1    12.5 ± 1.7    1.8 ×  10 4   

  4    Irrigation (rice) canal, Iliynka    24.08.2023    0.9 ± 0.2    75.0 ± 7.0    8.3 ×  10 4   

  6    Main canal, Pobednoe (Djankoy reg.)    27.04.2022    0.7 ± 0.2    99.2 ± 8.8    1.4 ×  10 5   

  6    Main canal, Pobednoe (Djankoy reg.)    02.11.2023    1.8 ± 0.4    105.7 ± 9.1    5.9 ×  10 4   

  7    Main canal, Sovietskiy    06.05.2022    0.5 ± 0.1    58.6 ± 5.9    1.2 ×  10 5   

  8    Main canal, PS (pump station)-3)    19.10.2023    0.4 ± 0.1    47.0 ± 5.2    1.2 ×  10 5   

  5    Black Sea, Portovoe    06.05.2022    Below detection limit    33.3 ± 4.0    –  

  5    Black Sea, Portovoe    06.10.2022    0.7 ± 0.1    45.0 ± 5.0    6.4 ×  10 4   

  5    Black Sea, Portovoe    16.05.2023    0.9 ± 0.1    48.0 ± 5.0    5.3 ×  10 4   

  5    Black Sea, Portovoe    24.08.2023    0.5 ± 0.1    17.7 ± 1.8    3.5 ×  10 4   

  9    Kerch Strait, Kerch    19.10.2023    0.4 ± 0.1    25.2 ± 3.0    6.3 ×  10 4   
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the main canal or close to it. Maximal value of  210 Po activ-

ity concentration in dissolved form (1.8 ± 0.4 mBq/L) was 

noted in the main canal (SP No. 6 Pobednoe) (Fig.  1 ).  210 Po 

activity concentrations determined in diff erent sampling 

sites were compared depending on its distance from the 

NCC entry into the Crimean Peninsula (Fig.  2 ). Comparison 

showed that concentration values in dissolved phase varied 

slightly in the upper part of the canal and decreased at its 

end. A reliable negative correlation ( r  = − 0.9) between dis-

tance and concentration of “dissolved”  210 Po was obtained. 

A signifi cant increase of activity concentrations of “dis-

solved” polonium was observed in separate sites after ces-

sation of water fl ow to the North Crimean Canal (Fig.  2 a). 

The activity concentrations of polonium in the suspended 

matter changed in diff erent ways at diff erent sampling sites 

after June 8, 2023 (the supply of the Dnieper River water to 

the canal was stopped because of destruction of the Kak-

hovskaya hydroelectric station). Insignifi cant changes were 

noted in suspended matter collected in the main canal near 

Pobednoe village (Table  2 , Fig.  2 b).         

 Activity concentrations of  210 Po in the suspended matter 

in the coastal area of the Black Sea (Portovoe village) were 

on the level of 33.3–45.0 Bq/kg d.w. and nearly twice lower 

in Kerch Strait: 25.2 Bq/kg d.w. (Table  2 , Fig.  1 ). 

  210 Po activity concentration values were comparatively 

low in irrigated soils sampled near the NCC (Fig.   1 ). 

Higher concentration was determined in dry plowed 

soil and two time less in flooded soil of rice fields: 

41.0 ± 3.0 Bq/kg d.w. and 23.9 ± 2.1 Bq/kg d.w., respec-

tively. Notably, bottom sediments were practically absent 

in studied sites of the NCC because of its short operation 

time. A small amount of sediments was scratched from 

the concrete wall of the canal. The determined concen-

trations were quite close to those in soils: 32.2 ± 2.8 and 

32.0 ± 3.0 Bq/kg d.w. (Table  3 ).  

 Values of  210 Po distribution coeffi  cient ( K  d ) in the bot-

tom sediments (as well as soils) varied within a range of 

1.7 ×  10 4 –4.6 ×  10 4  L/kg (with average 3.2 ×  10 4  L/kg). 

     3.2    210 Po in hydrobionts 

 The activity concentration of  210 Po was also determined 

in aquatic organisms (fi sh, mollusks) belonging to spe-

cies typical for the North Crimean Canal as well as a total 

zooplankton sample (Table  4 ).  

 The highest  210 Po activity concentration was noted in 

the soft body of the swan mussel  Anodonta cygnea : up to 

35.0 ± 2.5 Bq/kg wet weight (w.w.). Gastropod great pond 

snails accumulated four times less  210 Po: 8.8 ± 1.0 Bq/

kg w.w. Concerning fishes, the highest  210 Po activity 

was determined in the body of stone moroko, where it 

exceeded concentrations in other studied fi shes by more 

than an order of magnitude.  210 Po activity concentration 

in the total sample of zooplankton was 6.7 ± 1.1 Bq/kg 

w.w. (Table  4 ). 

     3.3   Concentration factors and doses 

 Concentration factors (CF) of  210 Po by hydrobionts and 

equivalent dose rates were calculated for studied aquatic 

organisms based on data obtained (Tables  1 ,  4 ). 

 The annual equivalent doses formed by alpha radiation 

of incorporated  210 Po in aquatic organisms refl ected their 

accumulation ability in relation to  210 Po (Table  5 ). The 

highest dose rates were obtained for mollusk  Anodonta 

  Fig. 2       Comparison of  210 Po activity concentration in dissolved ( a ) 
and suspended ( b ) phases of the NCC water  

  Table 3        210 Po activity 

concentration in soils and 

sediments  

  No.    Site    Date    Object    Bq/kg d.w  

  3    Field Krepkoe    02.06.2023    Soil (dry), 0–5 cm    41.0 ± 3.0  

  3    Rice fi eld Krepkoe    02.06.2023    Soil (fl ooded)    23.9 ± 2.1  

  2    Main canal Krasnoperekopsk    08.06.2023    Bottom sediments    32.2 ± 2.8  

  6    Main canal Pobednoe    02.11.2023    Bottom sediments    32.0 ± 3.0  
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cygnea  and fi sh  Pseudorasbora parva : 18.8 and 11.8 mSv/

year, respectively.  

      4   Discussion 

    4.1   Distribution of  210 Po in abiotic components and it 
transfer in the North Crimean Canal 

 Analysis of the obtained results (Table  2 , Fig.  2 ) showed that 

 210 Po activity concentration in dissolved phase in water of 

the Crimean part of the North Crimean Canal decreases by 

twice the amount from the beginning (SP No. 1 Armyansk) 

to end (SP No. 8 PS-3 and No. 9 Kerch Strait) of the canal 

regardless of the sampling date (Fig.  3 ).         

 The resulting trend (Fig.  3 ) indicates that the main source 

of  210 Po entering into the NCC ecosystem is Dnieper River 

water, which comes along the canal bed to the Crimean Pen-

insula from the mainland. The  210 Po activity concentration 

  Table 4        210 Po activity concentration in aquatic organisms  

 *Shell length; **plankton net cells size 

  No.    Site    Date    Object    Body length, cm    Bq/kg w.w  

  8    Main canal PS-3, Kerch Peninsula    12.08.2022    European perch (whole body) 

  Perca fl uviatilis  l, 1758  

  9.5    0.7 ± 0.1  

  8    Main canal PS-3, Kerch Peninsula    12.08.2022    Stone moroko (whole body) 

  Pseudorasbora parva  Temminck et 

Schlegel, 1846  

  8.0    22.0 ± 2.1  

  8    Main canal, PS-3, Kerch Peninsula    12.08.2022    Common rudd (whole body) 

  Scardinius erythrophthalmus  L, 1758  

  6.0    1.5 ± 0.2  

  8    Main canal, PS-3, Kerch Peninsula    12.08.2022    Common rudd (whole body) 

  Scardinius erythrophthalmus  L, 1758  

  6.0    1.3 ± 0.2  

  7    Main canal Sovietskiy    21.06.2022    Swan mussel (soft body) 

  Anodonta cygnea  L, 1758  

  10.0*    26.3 ± 2.2  

  7    Main canal Sovietskiy    21.06.2022    Swan mussel (soft body) 

  Anodonta cygnea  L, 1758  

  12.5*    35.0 ± 2.5  

  7    Main canal Sovietskiy    21.06.2022    Great pond snail (soft body) 

  Lymnaea stagnalis  L, 1758  

  3–4    8.8 ± 1.0  

  2    Main canal, Krasnoperekopsk    12.08.2022    Zooplankton     ≥ 150 μm**    6.7 ± 1.1  

  Table 5        210 Po concentration 

factors and annual equivalent 

doses formed by  210 Po alpha 

radiation in studied aquatic 

organisms  

  Object    Tissue    Concentration fac-

tor (L/kg)  

  Equivalent dose 

rate (mSv/year)  

   Perca fl uviatilis  L, 1758    Whole body    1.8 ×  10 3     0.4  

   Pseudorasbora parva  Temminck et Schlegel, 

1846  

  Whole body    5.5 ×  10 4     11.8  

   Scardinius erythrophthalmus  L, 1758    Whole body    3.8 ×  10 3     0.8  

  Whole body    3.3 ×  10 3     0.7  

   Anodonta cygnea  L, 1758    Soft body    5.3 ×  10 4     14.1  

  Soft body    7.0 ×  10 4     18.8  

   Lymnaea stagnalis  L, 1758    Soft body    1.8 ×  10 4     4.7  

  Zooplankton    –    1.3 ×  10 4     3.6  

  Fig. 3       Change of  210 Po activity concentration of the dissolved form 

in NCC water depending on the distance of the sampling station from 

the beginning of the canal in Crimea  
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decrease (Fig.  3 ) can be partly explained by its radioac-

tive decay because of the relatively short half-life  210 Po 

(138 days). Comparison of the  210 Po half-life and time of the 

NCC water running through the Crimean territory (33 days) 

showed that the loss of  210 Po activity due to its decay was 

only about 15%. 

 Since the activity of  210 Po in PS-3 (SP No. 8) comprised 

50% of the total activity of this radionuclide determined at 

the beginning point (SP No. 1 Armyansk) (Table  2 , Figs.  2 , 

 3 ), it can be assumed that only 50% of the total  210 Po fl ow-

ing into Crimea with the Dnieper water ends up in the Kerch 

Strait of the Black Sea with the waters of the NCC. There-

fore, about 50% remains in the territory of Crimea, redis-

tributed among the components of the aquatic ecosystem of 

the NCC and the adjacent terrestrial ecosystems of irrigated 

lands. Thus, the calculations obtained showed that 35% of 

the activity concentration of  210 Po dissolved in water of 

the NCC decreases because of biogeochemical processes 

occurring in the aquatic ecosystem of the canal (distribu-

tion between abiotic and biotic components) as well as the 

transfer of radionuclides with water to irrigated soils. 

 Based on reference data (Polikarpov et al.  2008 ; RIA 

Novosti  2024 ), it was calculated that of the indicated 35% 

of the  210 Po activity concentration in dissolved form in the 

NCC water, 28% enters into irrigated soils. Consequently, 

only 7% of the dissolved form of polonium-210 is redis-

tributed between the abiotic and biotic components of the 

aquatic ecosystem of the NCC because of biogeochemical 

processes. 

 The increase of dissolved form of  210 Po activity concen-

tration observed in two sites after cessation of water fl ow in 

the NCC (Fig.  2 a) could be a result of changes in the hydro-

chemical conditions because of water stagnation. 

 Polonium can pass to dissolved phase from suspended 

matter via decreasing oxygen level in water (Kim et al. 

 2005 ). 

 However, increasing  210 Po concentration in dissolved 

phase in SP vo. 6 Pobednoe (Fig.  2 a) was accompanied by 

a signifi cant increase of organic phosphorus concentration 

at the same point: from 22.9 μg/L in 2022 to 204.7 μg/L 

in 2023 (our data). Phosphate-rich rocks used to produce 

phosphate fertilizer can have high concentrations of uranium 

and daughter  210 Po. Moreover, processing of ore can increase 

radionuclide concentrations by up to 300%. The products 

of this processing can therefore release radionuclides to the 

environment (IAEA  2017 ). The  210 Po enrichment factor in 

soils can achieve a value of about 56 (Aoun et al.  2010 ). 

Considering the above data,  210 Po infl ow from agricultural 

lands together with phosphate or complex fertilizer residue 

in NCC water can be assumed. It is also possible that the 

observed increase of the dissolved  210 Po concentration can 

be impacted by both processes. 

 The fl uctuations of  210 Po activity concentration in sus-

pended matter were observed in studied sites of the NCC 

during the investigation period. Quite signifi cant changes 

were noted especially in the upper part of the Crimean sec-

tion of the North Crimean Canal (Fig.  4 ).         

 An increase of the  210 Po activity concentration in sus-

pended phase of more than an order of magnitude was 

observed there during 2022–2023. It was likely connected 

with transport of polonium adsorbed on suspended matter 

from Kherson section of the NCC as well as increasing  210 Po 

intake in water media in this area. This source is also indi-

cated by the quick decrease (by almost two times) of the 

 210 Po activity concentration in suspended matter after ces-

sation of the water supply on June 8, 2023 (Fig.  4 ). 

 Thus,  210 Po can be transferred a signifi cant distance not 

only in the dissolved but also in the suspended phases in 

the canal with large streams. In addition, it was noted that 

local sources can signifi cantly infl uence intake and distribu-

tion of polonium in the aquatic ecosystem of the NCC. This 

can explain the increase in  210 Po concentration in suspended 

phase observed in some sites of the canal after cessation of 

Dnieper water fl ow (Fig.  2 ). 

  Fig. 4       Change of the  210 Po 

activity concentration in the 

suspended phase (NCC entry in 

Crimea, Armyansk-Krasnopere-

kopsk area)  
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 Similar behavior of  210 Po was observed in the coastal 

zone of Karkinitsky Bay of the Black Sea (sampling point 

No. 5 Portovoe) (Figs.  1  and  5 ).         

 This area of the sea is known as the place where water 

is discharged from agricultural (rice) fi elds after use. A 

decrease in  210 Po activity concentrations was noted in both 

the dissolved and suspended phases in August 2023 (Figs.  2  

and  5 ). In general, the results obtained for Black Sea water 

corresponded to the data of other studies (Lazorenko et al. 

 2009 ). 

 Thus, the possibility of using  210 Po as a convenient tracer 

of biogeochemical processes occurring in the aquatic media 

(Cochran and Masque  2003 ; Van Der Loeff  and Geibert 

 2008 ; IAEA  2017 ) was confi rmed. 

 Values of  210 Po distribution coeffi  cient ( K  d ) in the fresh 

water of NCC reached  10 5  L/kg, but  K  d  did not exceed 

 n  ×  10 4  L/kg in seawater (Table  1 ). The distribution coef-

fi cients (Kd) characterizing the accumulating capacity of 

the abiotic components of the NCC ecosystem regarding 

 210 Po decreased in the following order: suspended mat-

ter (1.1 ×  10 5  L/kg) > bottom sediments (3.2 ×  10 4  L/kg). 

This distribution indicates that the main collectors of  210 Po 

among the abiotic components of the aquatic ecosystem of 

the NCC are suspended matter. Notably, bottom sediments 

in the main part of the NCC were practically absent or insig-

nifi cant, representing fouling on the walls of the canal. 

 Comparison of the  210 Po activity concentration levels 

determined in this study with the “target value of  210 Po 

for suspended solids” given in the “Dutch sheets” equal to 

100 Bq/kg (Warmer and van Dokkum  2001 ) showed the 

target values were exceeded in some cases. Thus, the sus-

pended matter is a signifi cant component of the freshwater 

ecosystem of the NCC regarding  210 Po. 

 Study of  210 Po behavior in artifi cial waterbodies is impor-

tant from a human health perspective if the water is to be used 

for drinking or irrigation purposes (IAEA  2017 ). According 

to the Russian Radiation Safety Standards (NRB-99/2009), 

the “level of intervention” of  210 Po concentration in drinking 

water is 0.11 Bq/kg. The maximum activity concentration of 

polonium in water with suspended matter was 3.6 mBq/L in 

sampling point No. 4 Ilyinka. This value is about 20 times 

lower than the recommended level for intervention. According 

to Radiation Safety Standards, no activity reduction measures 

are required if the activity concentration of  210 Po in drinking 

water is below the intervention level. This indicates the pos-

sibility of safe use of water (regarding  210 Po) for drinking, 

household and agricultural purposes. 

     4.2    210 Po in biotic components of the ecosystem 
of the North Crimean Canal 

 As the calculation results showed (Table  4 ), the ability of the 

studied aquatic organisms to accumulate  210 Po (represented 

by concentration factors) varied in a signifi cant range by more 

than an order of magnitude (from  n  ×  10 3  to  n  ×  10 4 ). 

 The level of  210 Po accumulation by aquatic organisms 

depends on diet and nutrition behavior and refl ects their posi-

tion in the food chain because food is an almost exclusive 

source of polonium intake (IAEA  2017 ). Therefore, the high-

est levels of activity concentration of  210 Po were determined 

in the soft body of bivalve mollusk  Anodonta cygnea . They 

are fi lter-feeding organisms, and the concentration factor of 

 210 Po reached by these mollusks was 7.0 ×  10 4  L/kg (Table  5 ). 

 High accumulation levels of  210 Po were also obtained 

in fi sh of the invasive species  Pseudorasbora parva  (Kara-

banov et al.  2021 ) because of their diet; they feed on zoo-

plankton and eat the eggs of other fi sh. Concentration fac-

tor calculated for this species was 5.5 ×  10 4  L/kg. Lower 

concentration factor values were obtained for other studied 

aquatic organisms. It was noted that carnivore (predatory) 

fi sh (perch) were characterized by signifi cantly lower CF 

values (1.8 ×  10 3  L/kg) than other fi shes. CF calculated for 

zooplankton sampled close to the NCC entry to Crimea 

(SP No. 2 Krasnoperekopsk) was equal to 1.3 ×  10 4  l/kg. 

Nonetheless, plankton apparently play a signifi cant role in 

the transfer of polonium from the aqueous to the suspended 

phase. The activity concentration of  210 Po in plankton (SP 

No. 2) in terms of dry weight was about 60 Bq/kg, whereas 

for the total suspended matter it ranged from 30.1–145.5 Bq/

kg (mean 91.5 Bq/kg). 

 Thus, the results of the study of the NCC area showed 

that in 2022–2023 the average activity concentration of  210 Po 

in the studied sites decreased in the following order: sus-

pended matter (73.6 Bq/kg d.w.) > soils (32.5 Bq/kg d.w.) 

≈ bottom sediments (32.1 Bq/kg d.w.) > mollusks (23.4 Bq/

kg w.w.) > zooplankton (6.7 Bq/kg w.w.) ≈ fi sh (6.4 Bq/kg 

w.w.). 

 The values of  210 Po concentration factor (CF) for aquatic 

organisms collected in NCC decrease in the following 

order: bivalve mollusks (6.7 ×  10 4  L/kg) > planktivore fi sh 

(5.5 ×  10 4  L/kg) > gastropod mollusks (1.8 ×  10 4  L/kg) > zoo-

plankton (1.3 ×  10 4  L/kg) > other fi shes (3.0 ×  10 3  L/kg). 

  Fig. 5       Change in  210 Po activity concentration in the suspended phase 

(SP No. 5, Karkinitsky Bay, Black Sea)  
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     4.3   Comparison of doses obtained by hydrobionts 
with control values 

 The calculated dose rates were compared with the dose 

ranges proposed in the Conceptual Model “Dose rate zones 

and their eff ect in the biosphere” (Polikarpov  1998 ) to deter-

mine their impact on the studied hydrobionts. According to 

the conceptual model, the equivalent doses formed by  210 Po 

alpha particles in studied aquatic organisms were mainly in 

range of the “Radiation Well-being Zone”. The equivalent 

dose rates calculated for bivalve mollusks and planktivorous 

fi sh reached the “Physiological Masking Zone”. Within this 

zone, radiation eff ects are masked by the natural variability 

of various physiological functions and the content of bio-

chemical components (Polikarpov  1998 ;  2008 ). Note that the 

results obtained in this work correspond to the data reported 

for similar groups of Black Sea hydrobionts (Polikarpov 

et al.  2008 ). 

 According to the recommendations (IAEA  1992 ), the safe 

dose limit for aquatic organisms should not exceed 4 Sv/

year. Similar levels of dose limits are given in the report 

(Kershaw et al.  1992 ); 3.65 Sv per year is given as the mini-

mal dose rate when physiological and metabolic disorders 

are observed. A comparison of the recommended dose limits 

with our calculations (Table  5 ) showed that the maximal 

dose obtained by aquatic organisms was signifi cantly (about 

two orders of magnitude) lower than the recommended 

limits. 

      5   Conclusions 

 In 2022–2023, a study was carried out on the distribution 

of  210 Po in the aquatic ecosystem of the NCC and adjacent 

irrigated soils. Analysis of the results obtained showed that 

the main source of  210 Po in the territory of Crimea was water 

from the Dnieper River, which enters into the bed of the 

NCC in accordance with the operating mode of the canal. 

 The biogeochemical distributions of  210 Po in the abi-

otic components of the studied ecosystem were charac-

terized by the distribution coeffi  cients (Kd) with average 

values decreasing in the following order: suspended matter 

(1.1 ×10 5  L/kg) > bottom sediments (3.2 ×  10 4  L/kg). Dis-

tribution of  210 Po in aquatic organisms was characterized 

by concentration factor (CF). Values of CF decreased in the 

following order: bivalve mollusks (6.7 ×  10 4  L/kg) > plank-

tivore fi sh (5.5 ×  10 4  L/kg) > gastropod mollusks (1.8 ×  10 4  

L/kg) > zooplankton (1.3 ×  10 4  L/kg) > other fi shes (3.0 ×  10 3  

L/kg). It has been established that transfer of suspended mat-

ter mainly determines the behavior of  210 Po in aquatic sys-

tems. About 50% of the received  210 Po remains in the terri-

tory of Crimea, redistributed between the components of the 

aquatic ecosystem of the NCC and the adjacent terrestrial 

ecosystems of irrigated lands. As shown, the activity con-

centration of  210 Po in the dissolved phase decreases by 

35% because of biogeochemical processes occurring in the 

aquatic ecosystem of the canal as well as the transfer of 

radionuclides with water to irrigated soils. It was calculated 

that only 7% of the dissolved form of  210 Po is redistributed 

between the abiotic and biotic components of the aquatic 

ecosystem of the NCC because of biogeochemical processes. 

The main concentrators of  210 Po among the abiotic compo-

nents of the aquatic ecosystem of the NCC are suspended 

matter, and among the biotic components bivalves. The 

activity concentration levels of  210 Po in the suspended mat-

ter composition of the North Crimean Canal in some cases 

exceeded the target value for the suspended solid given in 

the “Dutch sheets”. The maximum activity concentration 

of  210 Po in NCC water with suspended matter was about 

20 times lower than the intervention level recommended by 

Radiation Safety Standards. The calculated dose rates for 

hydrobionts of the NCC water ecosystem were signifi cantly 

lower than the recommended dose limits. Comparing the 

results of this study with control levels, the activity con-

centration values of polonium-210 in the water of the North 

Crimean Canal are safe for the studied aquatic organisms 

and for public health when using water for drinking, house-

hold and agricultural purposes. 
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