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Abstract: The paper presents the results of monitoring of the natural radionuclide polonium-210 (*!°Po)
in nine salt lakes, located in different regions of the Crimean Peninsula, carried out in 2020-2021. The pur-
pose of the research was to study the features of >'°Po distribution between dissolved and suspended phases
in the waters of Crimean lakes, characterized by different salinity values. Polonium-210 activity concentrations
were determined using radiochemical techniques and alpha-spectrometric measurements. Dissolved 2!°Po activity
concentrations varied from 1.2 to 22.9 mBq-L™! in lakes of different salinity, with the highest values obtained in hy-
persaline lakes. Concentrations of 2!°Po in suspended matter were relatively high and did not depend on the salinity
of the medium. The highest 2!°Po activity concentration on suspended matter was obtained in the brackish water
lake Kyzyl-Yar — 411.7 Bq-kg™! dry weight. Polonium associated with suspended matter is, most likely, the main
form of 2!9Po entering the studied lakes. >'°Po Partitioning Coefficients between dissolved and particulate phases
varied in a range of 10°+10° kg/L.
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Introduction

On the territory of the Crimean Peninsula there are a large number of lakes with a wide range
of their water mineralization — from 0 to 400 g-L‘1 [Anufrieva, Shadrin, Shadrina, 2017]. Most
of them are saline and hypersaline water bodies of continental and marine type [Balushkina et al.,
2005; Balushkina et al., 2009]. And in most of them unique ecosystems with specific structure of com-
munities of living organisms have developed under conditions of a peculiar hydrochemical regime
[Balushkina et al., 2009; Bulyon, Anohina, Arakelova, 1989; Shadrin et al., 2004; Anufrieva, Shadrin,
Shadrina, 2017; Anufriieva, Shadrin, 2018; Shadrin, Anufriieva, 2020]. Many Crimean lakes are objects
of recreational and economic activities, in particular, a number of bioproducts used in the chemical in-
dustry, agriculture, aquaculture, and medicine are produced in them [Pasinkov, Sotskova, Chaban, 2014;
Sockova et al., 2017]. The high salinity level of the water in salt lakes is known to be mainly result of in-
tense water evaporation (especially in summer), which usually leads to an increase in the concentration
of many chemical elements, including radioactive ones [Bulyon, Anohina, Arakelova, 1989; Balushkina
et al., 2005]. In this regard, studies of the Crimean lakes, including radioecological research, seem to be
very relevant.

The naturally occurring radionuclide 2!°Po is of special interest in the study of the radioactivity
of the aquatic environments, primarily due to its high radiological significance. 2!°Po known to make
the greatest contribution to the formation of background radiation dose loads on aquatic biota [Cherry,
Shannon, 1974; Cherry, Heyraud, 1982; Carvalho, 1997; Aarkrog et al., 1997; The environmental be-
haviour ... , 2017]. It has been established that in the absence of accidental releases of radionuclides
into the aquatic environment (for example, as a result of emergencies at industrial radiation facilities),
the contribution of 2!°Po to the total dose received by hydrobionts can be up to 60 %, and in some cases
even more [Effects of ionizing ... , 1992; Aarkrog et al., 1997; The environmental behaviour ... , 2017].

“The research was carried out within the framework of the state assignment for the IBSS “Molismological
and biogeochemical bases of homeostasis of marine ecosystems” (State registration number of the state assignment
121031500515-8).
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210po half-life (138.4 days) is the highest among the seven natural polonium isotopes being continu-
ously formed in the decay chains of three naturally occurring radioactive series [The environmental
behaviour ... , 2017]. At the same time, the only radiation being produced by the decay of *'°Po
is the high-energy a-particles (5.305 MeV) with a high ionizing ability. These features of 2!°Po, as well
as its ability to be accumulated in the organs and tissues of aquatic organisms, allow this radionu-
clide to generate relatively high doses of internal irradiation for hydrobionts [Cherry, Shannon, 1974;
Aarkrog et al., 1997; The environmental behaviour ... , 2017].

The main sources of 2'°Po entering continental water bodies (lakes, in particular) are: atmo-
spheric fallout of resuspended dust or aerosols, river and terrigenous runoff, in situ decay of parent
isotopes (in particular, 225Ra in sediments and 2*?Rn emanated from them), as well as anthro-
pogenic sources concerned, mainly, with the extraction and processing of phosphate and uranium
ores, as well as gas and oil production [Baxter, 1996; Management of radioactive waste ... , 2002;
Radiation protection and ... , 2003; Othman, Al-Masri, 2007; The environmental behaviour ... , 2017].

Polonium entering the aquatic environment is usually being involved in the biogeochemical processes
in particulate form associated mainly with suspended organic matter [ Wildgust, McDonald, White, 1998;
The environmental behaviour ... , 2017]. In the coastal zone of the seas and in small inland basins,
up to 99 % of polonium can be retained by the suspended organic matters [Wildgust, McDonald, White,
1998]. With the suspended organic particles settling, polonium is eliminated from the water column
to bottom sediments [Wei, Murray, 1994; Lazorenko, Polikarpov, Osvath, 2009; The environmental
behaviour ... , 2017]. Such behavior of polonium gives the reason to consider it as one of the most infor-
mative indicators of biosedimentation processes in various freshwater and marine ecosystems [Rutgers
van der Loeff, Geiber, 2008]. However, a change in the redox conditions in ecosystem can have a sig-
nificant impact on the redistribution of 2!°Po in a water body [Figgins, 1961]. Thus, under the anoxic
conditions, polonium can diffuse from bottom sediments into water column along with its carriers —
iron and manganese [Kim et al., 2005; Benoit, Hemond, 1990]. A certain influence on the behavior
of polonium can be induced by the activity of benthic microorganisms as well. Moreover, the possi-
ble acceleration of polonium release from bottom sediments as a result of bacterial activity was noted
[Momoshima et al., 2001; Momoshima et al., 2002].

The relevance and novelty of the ongoing research lies in the fact that there is a rather limited
set of published information [Cherry, Shannon, 1974; Cherry, Heyraud, 1982; Aarkrog et al., 1997;
Carvalho, 1997] regarding the behavior of polonium in freshwater lakes and published data on saline
(and especially hypersaline) lakes is almost absent.

The aim of the research was to study the features of the natural radionuclide ?'°Po distribution
between dissolved and suspended matter in the lakes of Crimea, depending on the levels of salinity
of the water bodies environment. For Crimean lakes Kuchuk-Adzhigol (Kerch group of lakes) and Yaryl-
gach (Tarkhankut group) such study is carried out for the first time.

To achieve the established goal, the following tasks were solved within the work:

- determination of 2!°Po activity concentrations in dissolved and suspended matter in a number of con-
tinental lakes of the Crimea;

- calculation of 2!°Po Partition Coefficients (Kd) between the dissolved and suspended phases and car-
rying out of comparative analysis of the data obtained;

- investigation on the influence of salinity changes on the value of the Distribution Coefficient.

Material and method

The material for the work was sampled during one- and two days expeditions to a number of lakes
located in different parts of the Crimean Peninsula (Fig. 1).
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Fig. 1. The layout of the studied lakes of the Crimean Peninsula: 1 — Kirleutskoye;

2 — Bakalskoye; 3 — Dgharylgach; 4 — Yarylgach; 5 — Sasyk-Sivash; 6 — Kyzyl-Yar; 7 — Kuchuk-
Adghigol; 8 — Aktashskoye; 9 — Chokrakskoye

Expeditions were carried out during 2020-2021. Lakes surface water in volume of 5+20 L was
sampled for 2!°Po analysis. Water samples were conditioned with 36 % hydrochloric acid to pH 2 im-
mediately after sampling. The sampled material was transferred as soon as possible to the laboratory
for further treatment. A total of 26 samples of water and suspended matter were taken. The optical
refractometer was applied to determine of water samples salinity.

The water sample was separated from the suspended matter by filtration through membranes with
a porosity of 0.5 um. Co*? and Fe™® were added to the filtrate as Po carriers, and then the dissolved polo-
nium was coprecipitated by adding 0.3 g of ammonium pyrrolidine dithiocarbamate (APDC) [Determi-
nation of 2'°Po and ..., 2001]. The precipitate was separated by filtration (through Wathman GF/A filter)
and dried at room temperature. Polonium was separately determined in the filtered particulate matter.

The prepared material of precipitates and suspended matter was treated with concentrated
hydrochloric (36 % HCI, high pure) and nitric (65 % HNO;, high pure) acids, hydrogen peroxide
(30 % H,0,, high pure) with heating to destroy the sample. The insoluble residue was separated
by filtration. The solution was evaporated and the residue was dissolved in 0.3 mol-L™' HCI. Polo-
nium from this solution was isolated by spontaneous precipitation onto a silver disc. Precipitation
was carried out for 3.5+4 hours at a temperature of +85 °C. Upon completion of the process, the sil-
ver disk was washed with distilled water, dried at room temperature, and used as a counting sample
for a—spectrometry [Determination of >!°Po and ... , 2001]. The chemical yield of polonium was deter-
mined with isotopic pure 2*®Po (E, = 5.114 MeV) added to each sample before lab treatment as tracer.
Polonium yield for all measured samples was 8590 %.

Spectrometric measurements of the counting sources were carried out on the basis of the Department
of Continental Radioecology of the Institute of Plant and Animal Ecology of the Ural Branch of Russian
Academy of Sciences (biophysical station, Zarechny, Sverdlovsk region, Russia). An alpha-spectrometric
complex based on OCTETE Plus with MAESTRO MCA and AlphaVision software (ORTEC — Ametek,
USA) was used.
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The 2'°Po activity concentrations in the samples were calculated according to the gener-
ally accepted technique [Radiochemistry procedures manual, 1984], the results were expressed
in Bq-kg™! dry weight (d. w.) for particulate matter and in mBq-L™! for dissolved matter concentrations.
The uncertainty of alpha spectrometric measurements was calculated from the value of one standard
deviation (1o counting error). The error of measurements did not exceed 15 %. Statistical analysis
of the results was carried out using generally accepted methods [Urbakh, 1964].

The distribution of 2!°Po between the dissolved and suspended phases in water was estimated by cal-
culation of the Distribution Coeflicient (K;) [The environmental behaviour ... , 2017] using the follow-
ing equation:

1% Poactivityconcentrationinsuspendedmatter, Bq - kg~ *
d puy

Poactivityconcentrationinwater”, Bq - [}
Results and discussion

The results of 2!°Po determination in dissolved and particulate matter samples taken in Crimean salt
lakes in 2020-2021 are presented in Table 1.

Table 1
Activity concentrations of 2!°Po in water and suspended matter of Crimean salt lakes in 2020-2021
Lake Sampling date, | Salinity, %o 210pg (diss.), % 210pg (susp.), % Kd
dd.mm.yyyy mBgq-L™! +lo Bq-kg™! +lo kg/l.
d. w.
Sasyk-Sivash 04.05.2021 310 12.7 1.7 360.9 79.4 2.8-10%
Dgharylgach 23.04.2021 110 4.4 0.3 473 9.5 1.1-10*
Yarylgach 23.04.2021 70 2.4 0.2 10.6 1.6 45103
Bakalskoye 23.04.2021 50 4.0 0.4 73.9 8.9 1.9-10*
Chokrakskoye 30.06.2021 140 20.0 1.4 126.5 27.8 6.3-103
Aktashskoye 01.07.2021 172 2.8 0.3 20.7 4.6 7.4-103
Kuchuk-Adghigol 01.07.2021 3 2.2 0.5 347.4 76.4 1.6-10°
Kyzyl-Yar 04.05.2021 8 1.5 0.3 411.7 82.3 2.8:10°
Sasyk-Sivash 17.06.2020 350 11.4 23 215.7 23.7 1.5-10*
Dgharylgach 17.06.2020 140 54 1.2 87.7 12.3 1.6-10*
Yarylgach 17.06.2020 100 2.9 0.6 56.7 6.2 1.9-10*
Kirleutskoye 20.07.2020 265 22.9 4.6 44.4 4.2 1.9-10°
Kyzyl-Yar 26.06.2020 8 1.2 0.3 13.8 1.5 1.1-10*

The data presented in table 1 show the relatively high activity concentrations (compared to the other
studied lakes) of dissolved 2!°Po in 2020-2021 observed only in water of three hypersaline lakes:
Sasyk-Sivash (located in the Evpatoria group) — 12.7 mBq-L™!, Kirleutskoye (Perekopsk group) —
22.9 mBq-L™! and Chokrakskoye (Kerch group) — 20.0 mBq-L™". For other salt lakes such values var-
ied mainly within the range of 2+6 mBq-L™! (table 1). The lowest concentrations of polonium were
noted in the water of brackish water lakes Kyzyl-Yar and Kuchuk-Adzhigol — 1.2+1.5 and 2.2 mBq-L™",
respectively.

Comparison of results obtained in 2020-2021 with the data of 2018 [Mirzoeva et al., 2020] showed
that changes in polonium concentration in water of different lakes were multidirectional (Fig. 2).
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Fig. 2. ?'Po concentrations in filtered (0.5 um) water (A) and suspended particles (B) of Crimean
salt lakes. Data for 2018 cited on [Mirzoeva et al., 2020]
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The maximum 2'°Po concentration in dissolved phase for the entire period of our research was
recorded in Lake Chokrakskoye (Kerch group) in 2018: over 200 mBq-L~!. Despite the fact that in 2021
this value in the lake decreased by an order of magnitude, it still exceeded >!'°Po concentration in most
of the studied lakes (Fig. 2A). At the same time, the concentration of >!°Po in suspended matter in the lake
increased over this period by an order of magnitude, from 12.4 to 126.5 Bq-kg™" of dry weight (Fig. 2B).
It should be noted that in 2021, there was a rather significant decrease in water salinity of lake Chokrak-
skoye, compared to 2018 — from 260 [Mirzoeva et al., 2020] to 140 %o (table 1).

In the brackish water Lake Kyzyl-Yar (Evpatoria group) 2!°Po concentrations in 2021 increased
compared to 2018 both in dissolved and suspended forms, and in the last one it was very significant:
more than 30 times (Fig. 2B). During the same period, an increase in salinity of Kyzyl-Yar water from 3
to 8 %o was recorded. A similar situation was observed in another water body of the Evpatoria group —
the hypersaline part of Lake Sasyk-Sivash, where, along with an increase in salinity from 280 %o in 2018
to 310+350 %o in 2020-2021, the concentration of 2!°Po in particulate matter increased from 28.9
to 360.9 Bq-kg™' d. w. respectively (Fig. 2B).

Among the lakes of the Tarkhankut group, an increase in !°Po concentration in water during 2018—
2021 was noted only in Lake Bakalskoye. The concentrations of 2!°Po in the lake in both dissolved
and suspended phases almost doubled: from 2.3 to 4.0 mBq-L™' and from 42.5 to 73.9 Bq-kg™! d. w.,
respectively. In this lake, during the mentioned period, there was also some increase in water salinity
observed: from 46 to 50 %o. In another lake of the Tarkhankut group, Dzharylgach, in 2020, an in-
crease in 2!°Po concentration in dissolved and suspended forms was noted when compared with 2018.
In 2021, 2!°Po concentration in this lake, on the contrary, slightly decreased. For the dissolved polonium
the difference was quite small (it did not exceed the measurement uncertainty), while for the particulate
polonium the decrease was more than twofold (Fig. 2). The same situation was observed for Lake
Yarylgach, located near Dzharylgach, but the decrease in the particulate 2!°Po concentration from 2020
to 2021 was more significant (5 times). A decrease in water salinity was noted during this period in both
basins (table 1).

A significant increase in the concentration of 2!°Po in both dissolved (almost 4 times) and suspended
(2.4 times) forms in 2020, compared with those in 2018, was recorded in Lake Kirleutskoye, located
in the northern part of the Crimean Peninsula (Perekopsk group) (Fig. 2). During the observation period
salinity of water in the lake decreased from 310 %o (in 2018) to 265 %o (in 2020).

In general, since the beginning of our research in 2018, in most of the studied lakes an increase
in the concentrations of polonium has been observed for both of its forms: dissolved and associated
with suspended matter. The only exclusions were the two lakes from Kerch group — Chokrakskoye
and Aktashskoye (Fig. 2).

It was noted that the concentration activity of 2!°Po in the dissolved phase in water bodies with low
salinity was in most cases lower than that in saline and hypersaline ones. Correlation Coeflicients (r) were
calculated to identify the presence or absence of a relationship between the water salinity and the activity
concentration of 2!°Po in dissolved and suspended matter. Value of r we obtained was equal to 0.67
for the dissolved 2'°Po which definitely indicates a significant positive relationship between the 2'°Po
activity concentration of polonium in dissolved phase and the water salinity. On the contrary, no such
relationship was found for polonium associated with suspended matter (correlation coefficient was as low
as 0.06).

Thus, it was determined that the increase of water salinity in studied lakes in most cases con-
tributes to increasing of 2!°Po activity concentration in the dissolved phase of its water. At the same
time, the absence of observed correlation between salinity value and the 2!°Po activity concentration
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on the suspended matter is apparently explained by the difference of the inflow of 2!°Po with suspended
particles in each individual bodies. 2!°Po redistribution processes (from suspended to dissolved phase)
occurs then in this water bodies. As known up to 99 % of total >'°Po in aquatic media associated with sus-
pended matter [Rutgers van der Loeff, Geiber, 2008; The environmental behaviour ..., 2017] 1. e. its rate
there is much higher than in the dissolved phase. Therefore, even a poor transfer of polonium from sus-
pended to dissolved phase, induced by the salinity changes in the studied water bodies, may contribute
a rather significant increase of the dissolved >!°Po activity concentrations.

Taking into account the correlation analysis results given above, the more intensive annual ingrowth
of particulate 2'°Po concentrations against the dissolved ones obtained in some lakes (table 1, Fig. 2)
must indicating the entry of ?!°Po to the studied basins mostly in a form associated with suspended
matter. Similar 2!°Po distribution was described for some other hypersaline, saline and freshwater lakes
[Kim et al., 2005; Yadav, Sarin, 2009; The environmental behaviour ... , 2017].

As most of the studied lakes are located on the coast of the Black and Azov Seas, the results
of the study were compared with the data (our own and published by other authors) on 2!°Po content
in the coastal waters of these seas. 2!°Po concentration in the dissolved phase in the Black Sea water
was shown to vary in a range of 0.4<2 mBq-L™! with the average value about 0.7 mBq-L~' [Lazorenko,
2008; Lazorenko, Polikarpov, Osvath, 2009]. For the water of the Sea of Azov (in the area of the Kerch
Peninsula), the similar results were obtained: 0.6+-0.8 mBq-L™! of dissolved 2!°Po with enhancement up
to 1 mBq-L! in the area adjacent to Sivash Bay. So, the minimum and maximum concentrations of 2!'°Po
in the Crimean lakes were determined to be 3+10 times higher than those for the Black and Azov Seas,
which is highly likely to indicate the accumulation of this radionuclide in the ecosystems of the drainless
Crimean lakes over time.

The Distribution Coefficient (K,) of 2!°Po between dissolved and suspended matter for marine areas
varied over a relatively wide range of n-103+n-10*. In particular, for the coastal waters of the Black
Sea, the average value of K; was about 2-10* [Lazorenko, 2000; Lazorenko, 2008]. The calculated Ky
values for 2!°Po in water of the Crimean lakes were vary even in a wider range: n-10°+n-10°. Moreover,
the highest K values of the range were obtained in the lakes with the lowest salinity of the environment
(on average, 3.3 times less than the salinity of the sea waters). Quite similar values of the >'°Po distribu-
tion coefficients obtained in the seas and lakes of Crimea can be explained by similar mechanisms of this
radionuclide sorption on suspended matter in the basins studied. As known Distribution Coefficient
mainly influenced by salinity, pH and redox potential values. We took into account only impact of salin-
ity in this study because of rather close values of last two indicators (pH and redox) whereas the salinity
varied significantly in studied lakes. Therefore, the wide range in K values calculated for 2!°Po on sus-
pended matter in the different lakes and seas are probably explained by a variety of physicochemical
factors (see above), with the salinity being the one of key factors, since its increasing seems to shift
the sorption equilibrium of polonium to its transforming into the dissolved form. In our case salinity
factor is obviously most significant to 2!°Po distribution in Crimean lakes waters.

Generally, it was concluded that the behavior of polonium in suspended phase is significantly affected
not only by the salinity of the lakes environment, but also by other factors, the change of which
contributes to the migration of polonium between particulate and dissolved phases in both directions.
In order to distinguish and quantitatively describe such effects, the continuing of the ongoing studies
is necessary.
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Conclusions

The radioecological monitoring of the natural radionuclide >!°Po in dissolved and suspended matter
of several lakes of Crimea, mainly saline and hypersaline, was carried out for the first time.

The activity concentration of the dissolved form of 2!°Po in water of the Crimean lakes in 2020-2021
varied within the quite wide range — 0.6+22.9 mBq-L~!. Enhanced concentrations of >!°Po are noted
in lakes with high water salinity. The activity concentration of >!°Po in water of the salt lakes exceeds
that for the adjacent coastal waters of the Black and Azov Seas. The minimum and maximum ?!°Po con-
centrations in the Crimean lakes were from 3 to 10 times higher than those for the Black and Azov Seas,
which seems indicate the accumulation of this radionuclide in the ecosystem of the drainless Crimean
lakes over time. Polonium associated with suspended matter is, most likely, the main form of 2!°Po
entering the studied lakes.

Absence of relationship between the variability of the salinity value and the 2!°Po activity concentra-
tion in the suspended phase is shown.

The distribution coefficients of >!°Po between the dissolved and suspended phases were found to vary
in the range of n-103+n-10°. Although significant variability of the obtained Kd values for 2!'°Po on sus-
pended matter can caused by many factors (influencing the process of polonium sorption), present study
showed that in studied lakes water salinity may be one of the key factors caused the variability of the 2!°Po
Distribution Coeflicient rate.
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PACITIPEAEJIEHUE ITIOJIOHUA-210 MEZKIY PACTBOPEHHOM U B3BEIHIEHHOMN
®A3AMM B KPBIMCKHUX O3EPAX C PABJIMYHON COJIEHOCTBIO
KopotkosB A. A., Mup3oesa H. 10., IIpockypaun B. 10., Mupomnanuenko O. H.
DI'BYH OUI] «Hucmumym 6uonozuu 1oxcHvix mopeti umeru A. O. Kosanesckozo PAH»,

2. Cesacmononw, Poccuiickas @edepayust
e-mail: oksaniya_89@mail.ru

AnHoTamms: B pabote npencraBieHsl pe3ysbTaThl MOHUTOPUHTA IPUPOAHOTO PaguoHYKIMAa — NonoHus-210.
MOHUTOPHHT BBITIOHSIICS HA AEBATH 03Epax, PacloioKeHHbIX B Pa3IMYHBIX paioHax KpeIMckoro mosmyocTposa,
B nepron 2020-2021 rr. Ienbio ucciieqOBaHUI SBIISUIOCh U3yUYEHUE OCOOCHHOCTEN pacIipeie/ICH s 210pg g Bose
Y B3BEIIEHHOM BelllecTBe B 03€pax KpbiMa B 3aBUCHMOCTH OT COJIEHOCTH cpensl BopoéMa. s onpeneneHus
yaenpHo# akTiBHOCTH 2!°Po MCrONB30BaNM pajMOXMMUUYECKUE METOIbl U alb(a-CeKTPOMETPUIO. Y/ebHas
akTuBHOCTH >'*Po B pacTBOP&HHOIA (hopMe BapbupoBaia B 03€pax pa3IuHoii conénocty oT 1.2 10 22.9 Br/1 ¢ Hau-
GONBIIMY 3HAYEHUAMH TS THTIEPCONEHBIX 03ep. Bemmunnel ynenbHoii aktuHOCTH 2'OP0 B cocTaBe B3BeIIeHHO-
TO BelllecTBa ObUIM 3HAYUTENHHBIMU M HE 3aBHICENTN OT COJEHOCTH cpenbl. MakcuManbHast yJeabHasi akTHBHOCTD
3apMKCUpOBaHa B COMOHOBATOBOIHOM 03. Kbi3but-Ap — 411.7 Br/Kr cyxoil Macchl. OmnipenesnieHo, 4to GoJblnast
YacTh MOJIOHUS, TTOCTYIAIOIIETO B M3YYeHHbIE BOIOEMBI, aCCOIMMPOBAHA CO B3BelIeHHbIM BellecTBoM. Koaddu-
LIMEHTHI pacnpenesieHus 210pg B OCHOBHOM HAXOIWIIKCH B npeaesnax 103+10°.

Kmouessie caoBa: nononnii-210 (>'°Po), pacnipenenenue, o3epo, conénoe, rumnepconétoe, Kpeim.
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