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Abstract: In the framework of radioecological monitoring, the features of the distribution of the
post-Chernobyl nuclear power plant (NPP) accident artificial radionuclides of 13’Cs and *°Sr in the
Crimean saline lakes were studied. Samples were collected from 12 Crimean lakes with a salinity
range from 2 to 400 g/L in 2014-2017. Concentration of 908y varied from 5.9 to 313.6 Bq/m3, and 137Cs
from 0.8 to 106.7 Bq/m®. Closing of the North Crimean Canal resulted in a decrease in radionuclide
concentration in the lakes. About 61% of the total variability of °Sr and 33% of '3’Cs in lake water
can be explained by salinity changes. The salinity affects the behavior of radionuclides in water,
mainly influencing their solubility, on isotope exchange between the solution and bottom sediments,
and also, probably, through its influence on accumulation of isotopes by aquatic organisms. Salinity is
not the alone factor determining the behavior of radionuclides in the lakes, it only acts by interacting
with other factors.
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1. Introduction

The emission of artificial radionuclides into the environment can happen through open tests of
nuclear weapons, authorized discharges from nuclear reprocessing plants, and accidents at enterprises
using nuclear energy [1,2]. In some developed countries like the United Kingdom, France, United
States, and Australia as well as in fast developing countries like India, China, nuclear power stations
became an important component of the national energy policy; a “nuclear renaissance” is underway [3].
The accident on the Chernobyl nuclear power plant (the Chernobyl NPP) in 1986 was the largest
one, and the accident on the Fukushima-1 nuclear power plant was one of the last of such cases [4].
The catastrophic accidents in Chernobyl and Fukushima have demonstrated that radioactive releases
had far-reaching consequences for public risks [5]. Continued use of nuclear energy as a carbon-free,
efficient, and reliable source of energy in combination with potential and real nuclear accidents make it
necessary to identify the patterns of radionuclide behavior in natural objects, depending on various
environmental factors [5-7].

The most dangerous long-lived artificial radionuclides that enter into the environment and
determine the radioactive contamination of the biosphere are 137Cs and ?°Sr [1,5,8,9]. Radioactive
contamination of aquatic ecosystems located both near the site of the explosion and far away from
it is associated with the release into the atmosphere and wind transport of radioactive products and
aerosol particles.
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As a result of the nuclear weapons test, 1500 (1500) PBq of 13”Cs and 1300 (1300) PBq of *°Sr were
emitted into the environment [1,2]. Atmospheric fallout of radionuclides from a stratospheric (global)
source leads to slow pollution of the surface of the entire earth prolonged many years-long. Global
fallouts are not completely uniform, most of them, about 75%, occur in the Northern and only 25%—in
the Southern Hemisphere. Minimum precipitation of the artificial radionuclides is observed at the
poles and equator, the maximum-—at latitudes from 30 to 60° in the Northern Hemisphere [10]. The
Chernobyl NPP accident (with coordinates: 51°16'24” N, 30°13’20” E) caused release of 89.0 PBq of
137Cs and 7.4 PBq of 905y radionuclides into the atmosphere [4,10]. The Black Sea and the Crimean
Peninsula are located between 30—40° N, i.e., are in the region of the greatest fallout of radioactive
aerosols from the atmosphere both after testing nuclear weapons and after the Chernobyl accident. In
the first months after the Chernobyl accident, the waters of the Black Sea and Crimea were subjected to
acute radioactive contamination. In 1986, the radioecological situation in the Crimean saline lakes
depended primarily on the arrival of artificial °Sr and !3”Cs radionuclides into these water bodies as a
result of atmospheric global radioactive fallout and atmospheric transfer of radioactive substances
after the Chernobyl accident [11-15]. In May 1986, the 1.7-2.4 PBq of 13’Cs and 0.3 PBq of *°Sr
precipitated on the area of the Black Sea and the Crimean peninsula after the Chernobyl Nuclear
Power Plant accident [11]. Later, the secondary chronic transport of these radionuclides in Crimea,
first of all ®°Sr, occurred since 1987 until April 2014 because of Dnieper waters through the North
Crimean Canal (NCC) [11-16]. The NCC originated from the Kakhovskaya reservoir (lower part of
the Dnieper river). The results of our radioecological monitoring showed that the concentration of
90Sr in 1987 in the surface water of the Kakhovskaya reservoir was at order higher (645.7-991.6 Bq/m?)
than that after the atmospheric precipitation of this radionuclides in 1986 (19.6-98.1 Bq/m?) and
in 43-66 times higher than the pre-accident levels concentration of *°Sr in water of the Black Sea
(15 Bq/m?) [16]. The concentration of °Sr in water of the NCC changed as follows: 59.3 Bq/m3—in
1986, 522.2 Bq/m3—in 1987, 105.6 Bq/m3—in 1995 [11],54.9 Bq/m3—in 2011 [17]. At the same time in
2011, the 2°Sr concentration was 3.7 Bq/m3 in water of the Chernorechenskoe reservoir, to which water
came from the slopes of the Crimean mountains [17]. All above indicate on the secondary entry of the
dissolved radionuclides from the Chernobyl NPP accident region through the cascade of the Dnieper
reservoirs and the NCC into such remote areas as the Crimea and the Black Sea.

Crimea, the largest peninsula in the Black Sea, the most part of its area is an arid zone, and there
are a lot of the diverse water objects with a salinity range from 0 to 400 g/L [18-21]. The saline
lakes, including the Crimean ones, are very valuable ecosystems [22], and knowledge on their
ecology and radiological situation is a key element of their sustainable integrated use including for
aquaculture development.

The North Crimean Canal (NCC) was built in from 1961 to 1971 to ensure sustainable water supply
in the south of Ukraine and Crimea. The total length of the NCC main branch from the Kakhovsky
reservoir to Kerch is 403 km, which made it the longest canal in Europe [14,23,24]. The average annual
NCC discharge reached 380 m3/s, the maximum—up to 500 m>/s, and about 80% of the water supplied
through the NCC was used for agriculture in Crimea. Until April 2014, NCC also fed 11 artificial
reservoirs in Crimea, the total volume of which is about 200 million m3. Agricultural water was either
discharged through the bypass channels or seeped into the nearby Crimean natural lakes. In April 2014,
the supply of Dnieper water to Crimea through the North Crimean Canal was completely stopped
because of the prevailing geopolitical situation leading to sharp salinity change in water bodies [14,24].

The relevance of this research is determined by the fact that the first radioecological studies in
the Crimean saline lakes were only carried out in 2013. It was found that, despite that the Black Sea
and the Crimean saline lakes had the same intake sources of artificial radionuclides ¥ Cs and ?°Sr,
their concentration, for example, 03y (350.5 Bq/m3) exceeded in the studied lakes that values found
for the Black Sea by 23.4 times [13,16,25-27]. Of cause, the Black Sea and lakes differ in hydrological,
hydrochemical, and biological characteristics, which determine the available differences in radionuclide
content. Salinity is one of the most important factors affecting the abiotic environment, structure, and



Water 2020, 12, 349 30f15

functioning of aquatic ecosystems [28-33]. It may be assumed that salinity could be among the key
ecological factors affecting the distribution of radionuclides in water and their bioaccumulation by
organisms. As an example, salinity can affect the solubility of stable strontium salts in water [31,32]. It
is known that total content of °Sr and '¥’Cs in the lakes depend on the sources of these radionuclides
intake into the water body [16,27], however, the regularities in the dependence of the 90Gr and 1¥7Cs
distribution of *Sr and ¥’Cs in the water of the Crimean saline lakes on salinity were not analyzed yet.

Previous studies conducted on the Crimean lakes showed that the concentrations of **Sr and '¥’Cs
in the waters of lakes dropped after closing of the canal and varied in a wide range of magnitudes in
2014-2017 [16,24-27]. Therefore, main question of this study: Does salinity influence the distribution
of 9Sr and '3”Cs in water of natural water bodies? Trying to answer this, authors analyzed the data
collected in 2014-2017 to highlight salinity effect on concentration of *’Sr and 137Cs in water of several
Crimean lakes with different salinity.

2. Materials and Methods

2.1. Studied Lakes

In Crimea, there are about 100 saline water bodies located in the arid steppe zone with small
hills [19-21]; the study was conducted on 12 of them (Figures 1 and 2, Table 1).
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Figure 1. Distribution of the studied saline lakes in the Crimea: 1—Kyzyl-Yar, 2—Sasyk-Sivash,
3—Moynakskoye, 4—Dzharylgach, 5—Bakalskoye, 6—Krasnoye, 7—Kiyatskoye, 8—Kirleutskoye,
9—Aktashskoye, 10—Chokrakskoye, 11—Tobechikskoye, 12—Koyashskoye.

Figure 2. Photoviews of some studied lakes: (a)—Lake Tobechikskoye, (b)—Lake Kyzyl-Yar, (c)—Lake
Bakalskoye, (d)—Lake Koyashskoye.
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Table 1.

during 2014-2017.

40f15

Measured concentrations of 2°Sr and ¥”Cs in water of the Crimean saline lakes

Lake Date No. Coordinates Salinity, g/L pH Co;\ocsentration, ]?;3q7/m3 :fo ]‘;r:tz
T Cs
11.042016 1 ‘;5;12612211\; 270 74 209.1+13.8 - [27]
Aktashskoye 46 0016 2 gé%‘ﬁzg 89 8.5 85.8+39  115=05 [16]
17.082017 3 é@ié%‘éé‘g,ﬁ 200 8.1 1969+99 149+09 newdata
Bakalskoye ~ 27062016 4 g:fi%:@lg‘i,g 47 8.6 400+27  236+1.1 [16]
14072017 5 22%99?6//? 62 82 419+30 244+10 newdata
Chokrakskoye  08.062016 6 ‘;%ggi? 226 7.9 460+34  493+3.1 [16]
18052016 7 ?)52235?1'.956959/'11\51 115 85 297+24  222+24 [16]
Drharylgach 00092016 8 %9,52;?1952?1\51 130 8.1 54.6 + 4.1 - [16]
08112016 9 %92231?5?38211\51 140 7.9 316+28  346+18 [16]
14.07.2017 10 g;z‘ig%gl,g 140 8.0 62651  367+20 newdata
13.052014 11 éiig?gg,g 184 76 121371 - [26]
18112014 12 ‘izgzégg,g 271 7.6 529 + 8.4 - [16]
Kirleutskoye -
14062016 13 éii%i‘hzé?él{,g 235 7.9 187+23  23+0.1 [16]
23112016 14 iiz?)sz%gg 207 8.2 761+73  133+1.0 [16]
22062017 15 éii%i‘%%’,? 267 7.2 76.7 + 5.7 - new data
13.052014 16 3436: gfgé;}\é 107 7.8 98.0 £52 - [26]
18.11.2014 17 g‘gi&g 154 78 129075 - [16]
Kiyatskoye ’
14.062016 18 ‘;@5;93;21%21 200 7.7 601+£47  53+03 [16]
23112016 19 ‘gg@gﬁg 224 82  2092+138 34+02 [16]
23062017 20 giﬁg@‘;g 218 7.4 59.0+39  64+04 newdata
Koyashskoye  10.042016 21 ‘é‘z(izz/%ig 230 7.9 39.0 26 - [27]
— 14.062016 22 gzg‘g;g 330 93  547+213 374+02 [16]
23.062017 23 giﬁﬁg 350 96  2688+239 465+3.0 newdata
13.05.2014 24 ‘;igiii%lg 2 7.1 9.6+0.8 - [26]
Kyrylyar 18052016 25 ii%@ii%lg 4 7.9 60+08  0.8+004 [16]
06.09.2016 26 g%zzéﬁ%/lg 3 - 93+ 1.1 - [16]
28.072017 27 ‘;2,23797222'15 4 7.8 59+0.8 17+0.1 new data
Moynakskoye 18052016 28 -2 105 18N 47 8.2 83+11  298=14 [16]

33°18.597'E
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Table 1. Cont.

Lake Date No. Coordinates Salinity, g/L pH Concentration, Bq/m® Source
90g, 187 of Data

27.062016 29 gg%ﬁ;lg 280 7.7 313.6 £25.0 959 + 8.1 [16]
Sasyk-Sivash o6 112016 30 ‘;5;;2125226/11\; 322 7.8 258.9 +14.7 83.0 +7.1 new data
28.07.2017 31 z;z‘;(;%.zéssgfllg 295 7.5 49.4+92 106.7 +8.7 new data

Tobechikskoye ~ 07.06.2016 32 ‘;ZZ?Z‘_%,IE 176 8.2 289+22 8.7+ 04 [16]
oo VORI TNy med Tl
I B

Lake Kiyatskoye is located in the northern part of the Crimea. The lake has an oblong shape, its
area is 12.5 km?, length—11 km, average width—2 km, and average depth is about 0.5 m. The lake is
connected by a canal with a drainage system of the North Crimean Canal. This may explain one of the
highest values of 90Sr concentration—350.5 + 15.8 Bq/m3 in 2013 [26]. Salinity was around 83 g/L in
2013, and in 2014-2017, it fluctuated from 107 to 235 g/L.

Lake Kirleutskoye is also located in the northern part of the Crimea. The lake has an elongated
shape, its area is 21 km?, length—13 km, width—from 1.5 to 3 km, and depth is from 0.2 top 0.8 m. The
lake level is 4.3 m below sea level and is the lowest among the lakes of the Perekop group. There is
some water exchange with Lake Kiyatskoye. In 2014-2017, salinity fluctuated from 184 to 271 g/L.

Lake Krasnoye is also located in the Perekop lake group as two lakes above. The lake area is
23.5 km?, the average depth is 1.5 m. It elongated in the meridional direction, length of over 13 km, the
maximum width is 2.5 km. The dam divides the lake in two parts, the northern part of the lake is used
as a storage tank-evaporator of industrial waste of the Crimean Soda Plant, and heavy metal pollution
is very high. In 2016-2017, salinity fluctuated from 330 to 350 g/L.

Lake Bakalskoye is located on the Bakalskaya sand spit in the West Crimea. It is one of the most
studied Crimean lakes [34]. The lake has an oval shape, its length from north to south is 4 km, and
from west to east is 3.5 km. The area of the lake is very volatile throughout the year, and it varies,
amounting to 7-8 km. The depth varies from 0.5 to 1.5 m. In 2000-2017, salinity fluctuated from 16 to
110 g/L. The lake ecosystem fluctuates between two alternative states; in different years, it may be with
intensive development of floating filamentous green algae Cladophora mats and without mats [34].

Lake Dzharylgach is also included in the Tarkhankut lake group as Lake Bakalskoye. Its area is
8.3 km?, the length is 8.5 km and the average width is 1 km with the largest 2.3 km. The average depth
is 0.5 m, the largest of 1.0-1.6 m. In 20072017, salinity fluctuated from 90 to 140 g/L.

Lake Moynakskoye is located on the western outskirts of Evpatoria city. The lake is stretched
from the south to the north, perpendicular to the coastline of the sea. The length of the lake is 1.85 km,
the largest width is 0.89 km, its depth is from 0.45 m to 1 m, and its area is 1.76 km?. Until the
beginning of 1970, salinity fluctuated in the range of 160-200 g/L in the lake. Then intensification of
agricultural activity began, and the flow of fresh water into the lake increased, salinity gradually began
to decline [35]. In 1986 salinity dropped to 80 g/L, in 1996 to 60-70 g/L, in 1997 to 55-60 g/L, and in
2007-2018 it fluctuated from 45 to 55 g/L. The lake is used as a famous balneological source of medical
mud for more than 150 years. Salinity dropping threatens the loss of medicinal properties of the lake.

Lake Sasyk-Sivash is the largest Crimean lake with an area of 75.3 km?. The length is 14 km.
The average width is 5.5 km, the largest is 9 km. The depth is medium—0.5 m, the largest—1.2
m. It is separated from the sea by a spit with a width of 0.9-1.7 km. In summer the lake area is
significantly reduced, and the salinity of the water increases. In 2016-2018, salinity fluctuated between
280 and 340 g/L.
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Lake Kyzyl-Yar enters into the Evpatoria group of lakes and is separated from the Black Sea by a
narrow sandy spit. The area is 8 km?, the length is 5.7 km, the average width is 1.4 km, the average
depth is 2.0 m, and the largest is 3.7 m. It was a hypersaline lake with salinity higher than 200 g/L
before construction of the reservoir of fresh water from the North Crimean canal built upper 20 km
in the gully. After that filtration of fresh water began into the lake along the gully, and 20-25 years
later, waters in the lake became fresh. In 20102013, salinity fluctuated between 1.5 and 2.5 g/L, and in
2014-2018, it fluctuated from 1.9 to 4 g/L.

Lake Tobechikskoye enters into the Kerch group of lakes, the third in area in this group (18.7 km?),
after lakes Aktashskoye and Uzunlarskoye. The length is 9 km. The average width is 2 km, the largest
is 4.5 km. The depth is average—1 m, the largest—1.2 m. The lake is separated from the Kerch Strait
by a narrow spit. In 20002018, salinity fluctuated from 50 to 370 g/L. The lake ecosystem can be in
different alternative states [36].

Lake Koyashskoye is also on the Kerch peninsula. The lake was separated from the Black Sea by a
narrow sand spit [37]. Its area is 5 km?, length is 3.84 km. The maximum width is 2.81 km, the average
is 1.2 km. The catchment area is 23 km?, the average depth is 0.5 m, and the largest one is 1.0 m. In
2000-2017, salinity fluctuated between 150 and 370 g/L.

Lake Akhtashskoye is situated on the Sea of Azov side of the Kerch peninsula. The area is
26.8 km?, the length is 8 km, the average width is 3.0 km, the largest is 3.5 km, and the average depth
is 0.7 m, the largest—2 m. It is connected with the North Crimean channel. There were wide spatial
and temporal fluctuations of salinity—from 30 to 280 g/L in 2007-2017.

Lake Chokrakskoye is also situated on the Sea of Azov side of the Kerch peninsula. The lake has
an oval shape and is separated from the sea by a narrow sand spit, the area is 8.5 km?, the catchment
area is 74 km?, the length is 4.1 km, the average width is 1.9 km, the largest is 3.6 km, the average depth
is 0.5 m, and the largest is 1.5 m. In summer, it often almost completely dries up. In 2006-2017, salinity
fluctuated from 180 to 400 g/L.

2.2. Method of Determination of the %Sr

The water samples of 20 L were taken by a plastic canister in lakes to measure the *°Sr
concentration. Simultaneously with biota sampling salinity, temperature and pH were measured
using a refractometer Kellong WZ212 (Kelilong Electron Co. Ltd, Fuan, China) and a pH meter
PHH-830 (OMEGA Engineering, INC., Norwalk, CT, USA). Collected samples were transported to the
laboratory for analysis. The method of *’Sr measurement was based on a following radiochemical
procedure. After acid leaching and/or preconcentration of strontium with a carbonate for water,
purification from interfering elements is performed by hydroxide precipitation. After equilibrium
between *°Sr and the daughter product Y (at least 14 days), *°Y is separated from the *°Sr solution and
measured by Cerenkov’s radiation in a low background liquid-scintillation counter (LSC) Quantulus
1220 (LKB Wallac Oy, Turku, Finland). The lower limit of detection (LLD) for water samples for water
samples was 0.01-0.04 Bq/m3. Recoveries were calculated from stable Sr recovery by flame photometry
for PSr and gravimetrically from yttrium oxalate for *°Y [12,38]. Data were reported as the mean of the
values activity of parallel duplicate samples, which were measured separately. Variation between the
data points does not exceed 20%. The quality of the analytical methods and the reliability of the results
were supported by the constant participation in international intercalibrations during 1990-2004 under
the aegis of the IAEA (Vienna, Austria). Results of the IBSS participation in the intercalibration were
included in the intercalibration report materials [39,40] and they were certified as reliable data.

2.3. Gamma-Spectrometric Measurements of 13’ Cs

The '¥Cs concentration in water was measured using samples of 100 L taken by a plastic canister
into the plastic barrels. To determine the dissolved forms of ¥Cs (directly the activity of '¥Cs in
water) the collected water was filtered through Millipore membrane filters with a diameter of nominal
pore size of 0.45 um to remove the suspended matter. Then carried out sorption extraction '¥Cs
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using an installation consisting of two sequentially connected absorbers filled with a granular sorbent.
This inorganic composite sorbent is a thin film of mixed ferrocyanide of potassium iron obtained by
chemical method from aqueous solutions on a carrier which is delignified wood meal. The approximate
composition of the film is K (0.2-1.8) FeO [Fe(0.3-0.7)(CN)1.8—4.2] [41]. The water was pumped
through the adsorbers with using a peristaltic pump type 372.C (Elpan, Lubawa, Poland) at a rate
of 0.055 L/min, at which the efficiency of extracting '3 Cs was between 50 and 90% [42]. Then the
sorbent was removed from the adsorbers and was ashing in a muffle furnace at a temperature of 400
°C to reduce the volume. The radiometric measurements were performed using a scintillation gamma
spectrometer Compugamma (LKB Wallac Oy, Turku, Finland). Uncertainties for '3’Cs activities were
propagated from the one sigma counting uncertainty, the uncertainty because of background correction,
calibration uncertainties, and the uncertainty associated with the subtraction of activities between the
first and second adsorbers [11].

2.4. Data Analysis

Parameters of the regression equations, average values, standard deviations (SD), coefficients
of variation (CV), determination (R?) and correlation (R) were calculated in the standard program
MS Excel 2007. The confidence level (p) of the calculated correlation coefficients was determined [43].
Using Student’s t-test, the significance of differences in mean values was (p) evaluated. In STATISTICA
6, cluster analysis with calculation of the Euclidian distance between samples and building the
dendrograms was made.

3. Results

During sampling, temperature in the lakes fluctuated from 19.6 to 33.3 °C and pH—from 7.1 to 9.6;
no significant correlations with their value (p > 0.2) and other parameters were found. The observed
values of salinity and pH are given in the Table 1. Previously, it was also shown that pH did not affect
the concentration of artificial radionuclides in water of saline lakes [11].

%Sy, The data on the measured concentrations are given in the Table 1. From a sample to a sample,
the 29Sr concentration varied in rather wide limits; there were differences between lakes as well as
between the samples taken in one lake in different time. Significant correlation between *°Sr and
salinity was found using the whole data array, and the best approximation was given by the equation
(R =0.736, p = 0.005):

Y =3.937 x §%%%, (1)

where Y is the concentration of *°Sr in water, Bq/m?; S is the salinity, g/L.

Based on the determination coefficient (R?), about 54% of the total variability of °Sr concentration
in water in total dataset can be explained by salinity changes. In this case, at high salinities, there
is a significant variability in the values of strontium concentration in water. In the salinity range
of 200-300 g/L, the data are divided into two disjoint groups. Using data on salinity and *Sr
concentrations, cluster analysis of all samples was done. All samples were grouped in two clusters as
Figure 3a shows.

There was no significant relation between salinity and *’Sr concentration in the first cluster
(Figure 4a). It only may be suggest that there was some positive trend in a salinity range 100-150 g/L
and a negative trend when salinity exceeded 150 g/L. There was direct positive relation between
salinity and 0S¢ concentration in the second cluster (R = 0.970, p = 0.001) (Figure 4b). The average
concentration of 29Sr in the first cluster was 54.9 Bq/rn3 (SD = 48.58, CV = 0.34), and the average value
in the other one was 227.6 Bq/m3 (SD = 18.45, CV = 0.22). These differences are significant (p = 0.001).



Water 2020, 12, 349 8 of 15

5k 5+

3 al

0 100 200 300 200 s00 0 20 40 60 80 100 120 0 50 100 150 200 250 300 350
Euclidean distances Euclidean distances Euclidean distances

Figure 3. The dendrogram of similarity in relation “salinity—"°Sr concentration” between samples
taken from the studied Crimean lakes (a sample number was given in Table 1): (a) for all samples,
(b) for samples taken from Lake Kirleutskoye, (c) for samples taken from Lake Kiyatskoye.
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Figure 4. The correlation between salinity and 908y concentration in the first (a) and second (b) cluster
of the studied lakes.

Samples from the same lake, collected at different time points, fell into different clusters. Samples
collected from Kiyatskoye and Kirleutskoye lakes split into separate clusters (Figure 2b,c). This
separation cannot be explained by season or any other accounted factor. Interestingly, when the surface
of lakes Tobechikskoye and Chokrakskoye was almost completely covered with deposited salt, in
the brine pools (salinity was 400 g/L), 903y concentration was below the detection level (Table 1). At
a salinity of 400 g/L, when the salts precipitate, radionuclides move into the bottom sediments [16].
According to our measurements, the radionuclides are not detected in salt from lakes of Crimea [11].
So, to identify patterns, we considered data on the salt lakes of Crimea, where salinity was 350 g/L and
lower (Table 1, Figure 4).

137Cs. Data on the measured concentrations of 13’Cs are given in the Table 1. There is a significant
positive correlation between 3Cs concentration and salinity. The best approximation of this relation
is given by the equation (R = 0.604, p = 0.005):

Z =0.750 x S*61, 2)

where Z is the concentration of '3’Cs in water, Bg/m3, S is the salinity, g/L.

Based on the determination coefficient (R?), about 37% of the total variability of a '%’Cs
concentration in lake water can be explained by only salinity changes. As in the case of strontium,
cluster analysis divided all samples into two separate groups (Figure 5).

No correlation between 137Cs concentration and salinity was found in one cluster, and significant
positive relation between these parameters was observed in the second cluster (R = 0.708, p = 0.001)
(Figure 6).

Salinity delimited these two clusters: in one cluster, all samples were taken in a salinity range
from 3.7 to 89 g/L, in other—from 176 to 350 g/L. Maximum concentration was 107 Bq/m? at salinity
295 g/L in one cluster, and 30 Bq/m? at salinity 47 g/L in the other one. It is interesting to note that
when the surface of the Tobechikskoye and Chokrakskoye lakes was almost completely covered with
salt, in the pools of brine (salinity above 370 g/L) the cesium concentration was below the detection
level similar as for strontium. There is a significant positive correlation between logarithms of '37Cs
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and ?°Sr concentrations (R = 0.516, p =0.01). At the same time, no more than 27% of the variability of
one isotope correlates with changes of the other.

_‘ —
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;,—_F
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20
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Euclidean distances

Figure 5. The dendrogram of similarity in relation “salinity—!'%"Cs concentration” between samples
taken from the studied Crimean lakes (a sample number was given in Table 1).
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Figure 6. The correlation between salinity and 137Cs concentration in the first (a) and second (b) cluster
of the studied lakes.

4. Discussion

The main reasons for a difference in concentrations of radionuclides *°Sr u'¥Cs in water of the lakes
are the sources of radioactive contamination and processes of these radionuclides elimination [26,27].
The input of artificial radionuclides into water body depends on the source of anthropogenic pollution,
and elimination of these isotopes from hydrological and biogeochemical processes occurring in the
aquatic ecosystems [11,27]. Processes of lake metabolism depend on lake morphometry and catchment
conditions [44,45]. One of the factors affecting the isotopes concentrations in the water of the studied
lakes is a level of connection of a lake with the North Crimean channel, as a source of secondary
pollution by radionuclides in the post-Chernobyl accident years before the closure of the canal in
2014 [14,27]. In the years after the accident, the Crimean lakes were polluted by secondary chronic
radionuclide contamination of *°Sr and ¥Cs from the Dnieper waters coming from the North-Crimean
Canal [13,16]. The Crimean lakes had different level of interconnection with the North-Crimean Canal
that affects the level of artificial radionuclide contamination [27]. As an example, 90Sr concentration was
lower by 5.4 times in water and 9.3 in sediments of Lake Koyashskoye, which never had connection to
the Canal, than in Lake Akhtashskoye, connected to the Canal. After closing of the Canal in April 2014,



Water 2020, 12, 349 10 of 15

as our data demonstrated, concentrations of *’Sr and 37Cs significantly dropped in some lakes. As an
example, in Lake Kiyatskoye, ?°Sr concentration dropped from 350.5 (SD = 16) [26] to 111 (SD = 62).

90Gr is chemically close to stable isotopes of strontium (3*Sr, 86Sr and #7Sr), total sum of which was
studied in the Crimean saline lakes earlier [46]. It was shown that sum of stable strontium isotopes
varied from 12 to 295 mg/L in water of the Crimean saline lakes. It also varied in single lake, as an
example, in Lake Kiyatskoye—from 99 to 223 mg/L and in Lake Chokrakskoye—from 12 to 38 mg/L.
Using the available coefficient [8], the authors transformed 90Gr concentrations from Bq/m3 into g/m3.
There is a significant positive correlation between “Sr in 2014-2017 and sum of stable strontium
isotopes in a lake (Figure 7) (R = 0.867, p = 0.03). This relationship can be explained by geochemical
similarity of artificial and natural strontium isotopes when a new supply of *°Sr from the canal is
absent. Using own and published [46] data, authors evaluated a proportion between sum of stable Sr
isotopes and artificial 08¢ for different lakes (concentration of *°Sr/concentration of sum of stable Sr); it
was in average 1.8 X 10-10 (SD =0.97 x 10710 cv = 0.537).

y=0015x+0.116 ®
R2=0.752

0 $ ' :

0 50 100 150 200
Stable Sr, g L!

Figure 7. Relation between “Sr in 2014-2017 and sum of stable strontium isotopes in the Crimean
saline lakes (data on stable Sr concentrations were taken from [46]).

Analysis of the above data shows that salinity influences the content of the both isotopes, which
also related to the other characteristics of the investigated lakes during sampling. The salinity affects
the concentration of radionuclides in water through influencing their solubility and isotope exchange
between the solution and bottom sediments, as well as through their accumulation in aquatic organisms.
Chemically strontium is close to calcium. The alkali metal chlorides and other salts dramatically
increase the solubility of calcium and strontium salts, and the solubility of strontium sulfate increases
by a factor of 13 in water with a content of 15% sodium chloride [27]. The solubility of strontium
carbonate in distilled water is 8-10 mg/L, calcium carbonate—13-60 mg/L, strontium sulfate—148 mg/L,
and calcium sulfate over 2000 mg/L, and this indicates that strontium carbonate and sulphate should
crystallize simultaneously with calcium carbonate and gypsum [46]. Calcium precipitates mainly in the
form of two salts (CaSO4 and CaCOs), the crystallization of which begins at the total salinity of about
135-155 g/L and the bulk of which precipitates in the salinity range of 180-360 g/L [19,46]. Strontium
salts are also precipitated practically in this range. As a result of crystallization and sedimentation
of these salts, the concentration of calcium and strontium ions in brine, as a rule, begins to decrease
with a salinity increase above 135-150 g/L [46]. Relation “salinity—"°Sr concentration” reflects this
in the first cluster. In the second cluster, there is an increase of *°Sr concentration in whole salinity
range—up to 350 g/L. Authors will try to explain this relation. In the Crimean salt lakes, there are quite
often cases when the water is oversaturated with calcium and strontium ions, which can be explained
primarily by a drop in the concentration of sulfates in water [46]. The lack of sulfate ions prevents
the crystallization of gypsum (CaySO,) and its sedimentation, and the Sy ions remain in water. The
concentration of sulfate ions depends on several factors, and microbiological activity is one of the most
important factors [19,46,47].

On average, the solubility of NaCl in water at 20 °C is 360 g/L increasing with a temperature
rise [48]. At this point, all salts have sedimented. Water pools on salt crust contain rain water or water
from freshwater springs. Upper layer of salt crust contains mostly chloride salts (MgCl,, CaCly, NaCl)
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and only this salt can dissolve in water reaching a salinity limit shortly. This explains the behavior of
the studied isotopes in brine with salinity above 370 g/L, when dissolved radionuclide salts in brine
are almost absent. Salinity determines more than 90% of °Sr concentration variability in the Crimean
saline lake water up to the beginning of crystallization (salinity 140-160 g/L) in both clusters. When the
process of crystallization occurs, salinity is not the main determinant of *°Sr concentration variability
in water/brine.

To explain the salinity impact on '3’Cs concentration in brine is more difficult than on *°Sr
concentration. Cesium salts have the highest solubility among the alkali metal salts of weak acids [49],
and salinity cannot directly influence the 137Cs concentration. The solubility of NaCl, for example, is
lower by 6.2 times than CsCl, and the solubility of K,SOy is lower by 23 times than Cs;SO4. Such high
solubility does not give us a chance to explain the found influence of salinity on '3”Cs concentration by
processes of crystallization of salts with 1¥Cs. Clay minerals can absorb cesium [50] as well as there is
cesium complexation with particulate organic matter [51]. The concentration of Cs in lake brine and its
sedimentation on bottom are also influenced by the quantity and quality of suspended matter (TSM)
in lake brine. Content and composition of TSM in brine of the Crimean saline lakes are the variable
characteristics. As an example, total concentration varied from 9 to 540 g/m3 and share of organic
matter in SM, from 10 to 88% [52]. The concentration of seston in lakes is determined by the ratio of the
production and destruction processes of organic matter as well as the intensity of sedimentation and
resuspension. High salinity may influence the sedimentation intensity through crystallization of some
Ca salts; sedimenting salts can attach to suspended matter and together sink on bottom. Currently, the
positive relation between the concentration of total suspended solids and salinity was found [52,53].
Thus, salinity can also influence the distribution of '¥’CS indirectly, thereby complicating the overall
picture and making necessary more comprehensive studies of this issue.

Salinity is not the only factor determining the behavior of isotopes in the lake water; its values
determine only 61% of the total variation in strontium concentration and 33% of the cesium concentration.
Found differences in dependence of content of two radioactive isotopes in water from salinity can
be explained by differences in the chemical properties of these elements. Differences in the behavior
of %9Sr and '¥Cs in freshwater ecosystems were noted by Timofeeva-Resovskaya [54]. According
to her classification, 137Cs is a pedotope, i.e., belongs to the class of elements, 95-100% of which
are accumulated by bottom sediments, whereas *’Sr belongs to equitrops, i.e., elements uniformly
distributed in the water column, biota, and bottom sediments in the ecosystems.

Probably, there are several other reasons for fluctuations in the concentration of these isotopes in
the lake water. The authors cannot present a representative list of all the causes and quantify their
role. However, some assumptions in this direction can be made. The concentration of the isotopes
can be affected by the ratio of different salts in water, and not only by the total salinity or NaCl
concentration [55,56]. This, in particular, can be determined by the fact that many organisms, massively
developing, can selectively accumulate certain isotopes, changing their concentrations in water. When
decomposing organic matter, these isotopes can partially return to the water. The bioaccumulation of
strontium and cesium by aquatic organisms are known to be inversely and strongly dependent on
the concentrations of their metabolic analogues: K, potassium, is for cesium and Ca, calcium, is for
strontium [5]. Resuspention of sediments by strong winds in the Crimean shallow saline lakes is a
common phenomenon [57], and this influences the re-distribution of radionuclides between water
and bottom sediments. Consequently, content of isotopes in water can also depend on the regime of
winds, their speed, and direction. In the Crimean hypersaline lakes and lagoons, up to a salinity of
150-170 g/L, the floating mats of filamentous green alga Cladophora can develop intensively [24,36].
Their intensive development can completely exclude resuspension of sediments by wind [34]. Floating
mats often contribute to the formation of hypoxic or anoxic conditions at the bottom [24,36], which
may also affect isotope exchange between the water and the bottom.

All above arguments lead to the conclusion that there are a number of factors and mechanisms
affecting the behavior of isotopes in lakes, but our knowledge is still insufficient to make an integral
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analysis of interaction of these factors. The Crimean saline lake ecosystems can be in different
alternative states [32,34,36], and there are also alternative geochemical/biogeochemical lake states as
the cluster analysis shows. In different lake states, there are distinct types of relations between artificial
radionuclide concentration and salinity. In future, it would be interesting to understand how ecological
and geochemical alternative states are connected and interact with each other.

According the Russian Radiation Safety Standards NRB-99/2009 [58], the threshold limit value/the
maximum permissible concentration in drinking water for *’Sr is 4.9 Bq/L (4900 Bg/m?), and for 13”Cs
is 11.0 Bq/L (11,000 Bg/m?); these values are much higher than that observed in the Crimean lakes now.
The authors conclude that there are no safety risks from '3Cs and *°Sr contamination in the Crimean
lakes for human health and aquaculture development.

5. Conclusions

For the first time for the Crimea saline lakes, a positive correlation between concentrations of
after-Chernobyl radionuclide *°Sr and '¥Cs in water and salinity was revealed, regardless of the
source of radionuclides in aquatic ecosystems. The salinity determines only 61 and 33% of the total
variability of °Sr and ¥ Cs concentrations in lake water, respectively. Salinity cannot influence the
sources of radionuclide input in the lakes but it determines a balance in distribution of radionuclides
between water and bottom contributes to the retention of radioisotopes in water. Salinity is not the
alone factor determining the behavior of radionuclides in the lakes and acts only by interacting with
other factors. At the moment, the authors could not provide the complete list of all the interacting
factors and causes in the determination of radionuclide behavior in the lakes. Further wider and deeper
field and experimental studies are required to create an integral picture of all the factors affecting the
concentration of artificial radionuclides in natural waters. There are no safety risks from '*’Cs and *°Sr
contamination for human health and aquaculture development in the Crimean lakes.
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