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Abstract. After the accidents at Chernobyl and Fukushima-1 nuclear power
plants, the radioactive contamination of fish can still exceed the permissible levels of
radionuclides in food. In order to predict the radioactive contamination of fish, the
parameterization of mathematical models is the basis for radiation protection of
humans and the environment. Until recently, there were no parameters of
radiocaesium metabolism which is the rate of uptake and excretion of radionuclides
from fish at a water temperature below 8—170 °C during winter season.

The aim of this work was to determine the rate of $3’Cs excretion (biological half-
life) from the silver Prussian carp (Carassius gibelio) at a water temperature of 5+1 °
C under controlled conditions in aquarium.

As a result of experimental studies, the values of the *¥'Cs biological half-life were
obtained from the silver Prussian carp (392+206 days) in the absence of feeding at a
water temperature of 51 °C. That corresponds to the values previously obtained by
us in similar conditions after the radioactive contamination of fish in the environment
of the Chernobyl Exclusion Zone — 433+162 days. When describing the dynamics of a
decrease of the 3’Cs activity concentration in the body of silver Prussian carp with double
exponential dependence, the proportion of the fast component of the radionuclide content
decrease was 19+3%. In this case, the fast and slow rates of 13’Cs excretion from the body
of the fish were equal to 0.3£0.2 days™ and 0.0004+0.0003 days™, respectively.

The results obtained in the work show that the level of radioactive contamination
of fish will be constant during the winter season. And its seasonal decrease in winter
(according to the sawtooth dependence), usually expected out of projected
estimates, does not happen. That was also confirmed by the results and experimental
data obtained in the environment of the Chernobyl Exclusion Zone.
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Introduction. For many years, the
activity concentration of *¥'Cs in the fish
organism exceeds the permissible levels
of radionuclides in food products DR-
2006 — 150 Bq kg? in the territory
contaminated as a consequence of the
Chernobyl accident [1—-3].

There is a direct dependence
between the level of fish metabolism
and the metabolism of individual
elements on water temperature [4, 5].
Predictive analysis made by using
generally accepted mathematical models
showed that a decrease in the activity
concentration of radiocaesium in fish
should be observed with a factor of
1.5—2 in winter at a water temperature
below 10 °C in comparison with the
summer period [2, 5, 6]. This is due to a
decrease of the ¥’Cs uptake by fish with
consumed food in winter, since the
feeding is practically stopped for such
fish species as silver Prussian carp, rudd
and others, during November—March at
a water temperature below 8-10 °C in the
environment of the northern part of
Ukraine [7]. However, it is believed that
the rate of excretion of radiocaesium
from the body of fish does not change
significantly during the year. Recent
studies of aquarium experiments have
shown that the biological half-lives of
137Cs (the time during which the activity
concentration of the radionuclide is
reduced by 2 times) from the body of
silver Prussian carp brought from the
Chernobyl Exclusion Zone (ChEZ), at
water temperatures of 5 °C and 22 °C
were significantly different and were
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demonstrated during 433+162 days and
78+4 days, respectively [8]. In this case,
the radioactive contamination of silver
Prussian carp occurred in natural
conditions in the reservoir of the ChEZ
through the digestive system of fish with
food, mainly in the summer [9]. It was
shown that the activity concentration of
137Cs in the body of fish will be two
orders of magnitude lower in the case of
radioactive contamination of water
bodies in the winter at a water
temperature below 8—10 °C in the
absence of fish feeding and the entry of
radionuclides into the body directly from
the water through gills and skin, than in
the case with radioactive pollution of
water in the summer [9].

To confirm this and clarify forecast
estimates in the event of radiation
accidents, it is necessary to evaluate the
rate of radiocaesium excretion from
silver Prussian carp at a water
temperature of 5 °C after it penetrates
into fish directly from radioactively
contaminated water (not through the
digestive system with food).

Determination of the values of the
excretion rate (half-life) of radionuclides
from the fish organism is also of
practical importance as a
countermeasure to reduce the level of
radioactive contamination of fish [10].
From the end of 2014 to the present, the
water level of the Chernobyl NPP
cooling pond has decreased by 5—6
meters, which has led to which has led to
the following changes : the area of the
reservoir has decreased and the density
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of fish in the formed lakes has increased
[11]. In this regard, there were proposals
to transfer fish from the Chernobyl
cooling pond into the Pripyat River.
However, the lack of data on the real
values of the radionuclides elimination
rates at different temperatures in natural
conditions, feeding regimes and weight
changes of the fish did not allow to
optimize the time for the fish transferring
and the need for fattening with clean feed
before that.

The aim of the study is to
determine the excretion rate (biological
half-life) of 1*’Cs from the body of silver
Prussian carp at a water temperature of
541 °C. To achieve this, an aquarium
experiment was conducted to measure
the dynamics of ¥’Cs in the fish body
after their radioactive contamination
directly from water in the absence of
feeding [9].

Materials and methods of
research. The subject of this study was
the wild silver Prussian carp with the
weight M(0)=154+2 g and the absolute
length L = 10.14£0.4 cm, taken from the
reservoir near s. Rozhny (N 50.663383°,
E 30.722267°). Before the experiment,
fish were transferred in two 9-liter
aquariums (7 fish per aquarium) located
in a refrigerator at a water temperature of
541 °C for 14 days to proceed the
radioactive contamination. The activity
concentration of $¥’Cs in aquarium water
was 1 kBq ¥Cs/l. During 14 days of
radioactive contamination and 77 days
of the entire experiment for the 13’Cs
excretion study, the silver Prussian carp
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were without food, since at a water
temperature below 8—10 °C in the
natural conditions of Ukrainian Polissia,
silver Prussian carp stop feeding [7].
Water for aquariums with *’Cs content
less than 0.01 Bq It was always taken
from the same natural floodplain lake
near the Dnieper within Kozyn village
area (N50.224737°, E30.670096°) as it
was similar in chemical composition to
water in Hlyboke Lake in the ChEZ
(¥K — 1.4£0.5 mg I}; *Ca — 301 mg I
1. 8gr — 0.11+£0.04 mg I1; ¥Cs —
5+£3 ng IY) [9]. Continuous monitoring
and maintaining a constant water
temperature of 5£1°C in aquariums was
realized by using thermoregulators
(DigiTOP TP-1, Ukraine) with precision
of 0.1 °C and automatic sensors Onset
HOBO UA-001-64 Waterproof Pendant
64K Temperature Data Loggers (Onset
Computer Corporation, USA) immersed
in the water. The aguarium water was
constantly filtered by submersible filters
(AquaEl Fan Mini Plus, Poland) that
were cleaned daily. Air into the
aquarium water was supplied with
compressors and spray guns (Tetra APS
50 and Tetra AS50, Germany).

Before the beginning of the
experiment and every 14 days after the
radioactive  contamination of fish
directly into the water, the activity
concentration of *¥'Cs was measured in
each group of 7 live fish. After that,
blood samples were taken from 7 fish
from one aquarium for measuring the
glucose level (Contour Plus, Bayer
Healthcare AG, Germany) and the
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amount of hemoglobin (HemoCue® Hb
201+, USA).The ¥Cs activity was also
measured directly in muscle tissues gills,
skin, and intestines. The remaining 7 fish
were moved to a similar aquarium with
clean water (t=0) to begin the intravital
measurements of dynamics of decrease
in B7Cs activity (A¢(t), Bg). During the
experiment, the replacement of
aquarium water was carried out) every
7—12 days after its chemical
composition had been measured (Tetra
Test 6inl, Germany).

Measurements of the 13’Cs activity
in live fish (A«(t), Bg) and in the water of
the aquariums before its replacement
were carried out in Marinelli vessels
with a volume of 1 liter every 3—-12
days. Fish tissue samples were measured
in 10 cm?® plastic vials on a low-
background gamma-spectrometric
complex  with  the  high-purity
germanium detector GEM-30185 («EG
& G ORTEC», USA) having energy
resolution of 1,78 keV for the 1,33 MeV
line of 60Co in low-background passive
lead protection. To measure the ¥'Cs
activity in live fish, 7 fish from each
aquarium were placed in a Marinelli
vessel with  water. During the
measurements the water temperature in
Marinelli vessels was equal to the
temperature of the aquarium water (5+1
°C), and its total weight was brought to

Cr(0)/Cr(t = 0) = exp(—(kp + 4) ' 1)

where k; is the rate of 1*’Cs excretion
from fish, day™;
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1000 g. The B7Cs activity in the samples
was measured on the total absorption
peak for the 661.6 keV gamma line
during 600—1000 seconds. Repeated
measurements of the counting rates from
live fish, made on the total absorption
peak, showed that the scatter of the
measurements did not exceed 20%. This
IS due to the different positions of fish in
the Marinelli  vessel during the
measurements. After the experiment was
completed, the correlation dependence
was obtained between the ¥’Cs activity
concentration in fish samples and the
pulse count rate. The weight of fish (M(t),
g) was estimated by the mass difference of
the Marinelli vessel with water and fish, as
well as without it, the ¥’Cs activity
concentration measured in each case.

To measure the ¥'Cs activity in
water along with selected fish samples, the
calibration reference sources with known
activity and the same geometry were used.

The weight of the samples was
measured on the balance KERN pfb with
an accuracy of 0.01 g and the balance
AXIS AD200 with an accuracy of 0.001 g.

The exponential dependence was
used for a mathematical description of the
dynamics of decrease in the *'Cs activity
concentration in fish
(Ci(t)=A¢(t)*1000/M(t), Bg kg %) during t
(days) [6, 8]:

(1)

Ty =1n(2) /k, — biological

half-life of ¥*'Cs, day;
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2=6.3-10° day'— decay constant
137CS.

dynamics of decrease in
concentration in animals [12]:

activity

Also, double exponential
dependence is often used to describe the
Cf(t) _ f
m =a- exp(—kb . t) +(1—a) exp(—(ky +1)-t) (2

where a is the proportion of the fast
component of the radionuclide content
reduction;

k{: and kj are fast and slow rates of

137Cs excretion from the body of fish, day
1.

Results and discussion. After the
fish contamination for 14 days in water
with activity concentration of 1 Bg ml*
at the start of the experiment, the average
activity concentration of ¥’Cs in silver
Prussian carp muscle tissue (N = 7) was
Cf(t=0)=630+113 Bq kg?* natural
weight. The activity concentration of
137Cs in the gills was 730+70 Bq kg, in
the skin — 470+70 Bqg kg? and in the
intestines — 990+100 Bq kgt The
average glucose level in the blood of the
silver Prussian carp was 5.8+1.7 mmol/l
and the amount of hemoglobin was
8.6+0.6 g/l.

During the experiment, the activity
concentration of ¥’Cs in aquarium water
was at the level of the minimum
detectable activity concentration below 2
Bqg It This did not allow to use the
results to assess correctly the leakage of
radiocaesium from the body of fish into
water due to the high measurement
errors of its activity. The most accurate
results were obtained by intravital

measurement of ¥Cs activity in
dynamics directly in the live fish.

The relative dynamics of changes in
the 3'Cs activity concentration is shown
in Fig. 1. The results were obtained by
intravital measurements of the activity of
187Cs from the muscle tissue of silver
Prussian carp living in pure water for 77
days. At the end of the experiment, the
average weight of the silver Prussian
carp was M(t=77)=13+2 g, the ¥Cs
activity concentration in the muscle
tissue (N = 7) was Cq(t=77)=490+85 Bq
kg, in the gills — 350+67 Bq kg !, in the
skin — 458+92 Bqg kg ! and in the
intestines — 533+75 Bq kg .

During the experiment, there was
no statistically significant change in
acidity (pH), hardness (KH and GH) and
concentration of 22Na, Mg, *K, #Ca,
83Sr, 13Cs, 28U in the aquarium water [8,
9]. Also, the content of nitrites (NO;),
nitrates (NO3~) and chlorine (CI?) in the
water did not exceed permissible levels.

Using the method of least squares,
we determined the rates of *'Cs
excretion from the muscle tissue of silver
Prussian carp in the exponential
dependence (equation 1) — Fig. 1:

k, = 0.0018 £ 0.0009 day™;

and double exponential dependence
(equation 2):

a =0.19 + 0.03; kl’: =0.3+0.2day™%; ki =0.0004 £ 0.0003 day~'.
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Fig. 1 Dynamics of the relative activity concentration of *Cs in the muscle tissue
of silver Prussian carp, as well as the corresponding theoretical exponential (1 —
equation 1) and double exponential dependence (2 — equation 2).

Equation 2 describes better the
experimental data (correlation
coefficient is 0.83) if compare to the
exponential dependence in equation 1
(correlation coefficient is 0.50), which is
also typical of other organisms [13].

Our value of the biological half-life
of ¥7Cs from the muscle tissue of silver
Prussian carp (T}}s = 392 + 206 day)
corresponds to previously obtained values
of the radioactive contamination of fish in
the conditions similar to the ChEZ natural
environment — T{/? = 433 + 162 day
[8].

When the biological half-life of the
137Cs slow component from the body of
fish lasts more than 400 days and a
fraction of the fast component of a
radionuclide content decrease is about

Ne 4 (86), 2020

Hayxosi nonosiai HYBIlIl Ykpainu

20%, a monotonic decrease of the fish
radioactive contamination in 1.5-2
times cannot occur in winter [2, 5]. If,
under these conditions, the fish continue
the insignificant consumption of
radioactively contaminated feed, then
there will be no decline in the radioactive
contamination of fish in the winter.
Therefore, the level of radioactive
contamination of fish will will be
permanent in the winter, which does not
correspond to the sawtooth dependence
usually  obtained with projected
estimates [2, 5]. This conclusion is also
confirmed by experimental data obtained
in real-time conditions of the ChEZ [14].
Conclusion

As a result of experimental studies,
the values of the excretion rate of $3’Cs
from the Prussian carp (C. gibelio) inthe
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absence of feeding at a water
temperature of 5 £+ 1 °C were
obtained k,, = 0.0018 + 0.0009 day™*
(T} = 392 + 206 day). That

corresponds to previously obtained
values in similar conditions after the
radioactive contamination of fish in the

environment of the ChEZ — le}g =

433 + 162 days (Kashparova et al.,
2019).

When describing the dynamics of a
decrease in the activity concentration of
B7Cs in an organism of silver Prussian
carp by an exponential dependence
(equation 2), the fraction of the fast
component of the decrease in the content
of radionuclide was a = 0.19 + 0.03. In
this case, the fast and slow rates of *¥’Cs
excretion from the body of the fish were

equal to k{; =0.3+02day?! (leio _
2
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BBIBEJAEHMUA *'Cs U3 OPTAHU3MA KAPACS CEPEBPSIHOI'O
(CARASSIUS GIBELIO) ITPU TEMITEPATYPE BOJbI 5 °C
E. B. Kaminaposa, 10. B. Xomyrunun, X.-K. Teuen, U. H.I'yakos

Annomayusn. Ilocne Yepnobwvinocrou asapuu u asapuu na AIC @ykywuma-1
paouoakmueHoe 3azpsizHeHue pold 00 HACMOAUIE20 8PEMEHU MOdHCem NPesbiluamy
oonycmumvie YPOBHU COOEPIHCAHUSL PAOUOHVKIUOOE 8 PBbIOHBIX NPOOYKMAX NUMAHUSL
yenoseka. Ilapamempuzayus mamemamuyeckux Mooeeli ¢ Yeavio nPOSHO3UPOBAHIUS]
PAoUOaKmueHo20 3a2ps3HeHUss pblh A61emcsi 0OHOU U3 OCHO8 05 PaAOUAYUOHHOU
3auumol yeno8eka u okpyicarouieti cpeosl. /o nocieonezo 8pemeHu omcymcmeosanu
napamempsbi mMemaboIusMa paouoye3us — CKOpOCmu NOCMYNJIEHUs. U BGbl8eOeHs.
PAOUOHYKIUOO08 U3 OP2AHUMA PbLO 8 SUMHULL NEPUOO NpU MmemMnepamype 600bl HUICe
8-10 °C.

L]envto nacmosiweti pabomvi ObLIO OnpedeneHue CKOPOCmU 8bl8edeHUsl (Nepuooa
6uonozuueckozo nonyeviseoenus) ' Cs uz opeanusma xapacs cepebpsmozo (Carassius
gibelio) npu memnepamype 600wt 5+1 °C 6 akeapuyMubix KOHMPOIUPYEMBIX YCIOBUSIX.

B pesynbmame npogedeHHbIX OIKCNEPUMEHMANbHLIX UCCAEO008AHUL  ObLIU
nonyuenvl 3Hauenus nepuoda Ouonozuuecko2o nonyevieedenus ¥'Cs uz opeanuszma
Kapacs cepebpsanoeo (392+206 cymox) 6 omcymcmeuu KOpMIeHUs npu memnepamype
80061 5*1 °C, Komopvle pasHvl paree NOJYYeHHbIM HAMU BEIUYUHAM OISl AHATOCUYHBIX
VCoBull nocie paouoaKxmueHO20 3a2pA3HEeHUsI pPblObl 6 eCMeCcmEEeHHbIX YCI0GUSX
YepHOOBLILCKOU 30Hbl omuyydicoenus — 433162 cymok. Ilpu onucanuu Ounamuxu
ymenvuienus yoeavnou axmuenocmu 'CS 6 opeanuzme xapaceii cepebpsanbix 06yx
IKCNOHEHYUANIbHOU  3A8UCUMOCMbIO 001 ObICMPOl  COCMABIAIOWell Y MEeHbUEeHUs.
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cooepoicanusi paouonyknuoa cocmasuna 19+£3%. Ilpu smom 6vicmpas u meoneHHas.
ckopocmu evigedenus 'Cs uz opeanuzma pwiowvr 6viu pasuor 0.3+0.2 cymxu™ u
0.0004=0.0003 cymxu, coomeemcmeentno.

Ilonyuennvie 6 pabome  pe3yibmamsl  NOKA3BLIBAIOM, YMO  YPOBEHb
PAoUOaKMUBHO20 3A2PA3HEHUS PblObl 8 3UMHULL Nepuod Oyoem NOCMOSHHbIM U €20
Ce30HHOe YMeHbUeHUe, 8 3UMHee 8peMs (NUN000pPaA3Has 3A8UCUMOCTb) O0OBLIYHO
noJayuaemoe pamee Npu NPOSHO3HLIX OYEHKAX He OOINCHO HAOI00amuvCs, 0 dem
CBUDEeMENbCMBYIOM NPUBEOEHHble pe3VIbmamsl U IKCNEPUMEHMATbHble OaHHble,
NOJYYeHHbLE 8 PeANbHbIX NPUPOOHBIX YCILOBUAX YEPHOOBLILCKOU 30HbL OMYUYHCOCHUSL.

Knwuesvie cnosa: *'Cs, paouosxonoeus, Carassius gibelio, Yepnobuvinbckas
asapus, paouoaKmugHoe 3acpsizHeHue, 0ONyCmumbvle YPOB8HU, CKOPOCMb Bbl8eOeHUs.
PaAoUoHyKIUOA

BUBEJAEHHS 2'Cs 3 OPTAHI3MY KAPACS CPIBHOI'O (CARASSIUS
GIBELIO) ITIPU TEMIIEPATYPHU BO/IM 5 °C
O. B. Kammnaposa, IO0. B. XomyTinin, X.-K. Teien, I. M. I'ynkos

Anomauyia. Ilicna Yoprobunvcwvroi asapii ma asapii na AEC ®@yxywima-1
paodioakmusHe 3a0pyOHeHHs pub 00 MenepiuHbo20 YACy Modce Nepesulyy8amu
oonycmumi pieHi emicmy paodioHyKIiOi8 y pUOHUX NPOOYKMAX XAPUYEAHHS JHOOUHU.
llapamempuzayia ~ mamemamuunux  Mmooener 3  Memow  NPOSHO3YBAHHSL
PaoioakmueHo2o 3a0pyOHeH s pub € 0CHOB80I0 OJisl pAdiayitiHoO20 3aXUCmy JHOOUHU |
HABKOMUWHb020 cepedosuwa. Jlo ocmannbo2o wacy Oyau Giocymui napamempu
Memabonizmy paodioyesito — WBUOKOCHI HAOX0O0NCeHHS | 6UuBe0eH s padioOHYKIIOI8 3
opeanizmy pub 6 3umosuti nepioo npu memnepamypi 60ou Hudxcue §—10 °C.

Memoro yiei pobomu 0y10 BU3HAUEHHS WBUOKOCMI BUBEOeHHS (nepiody
bionoziunozo naniesueedenns) ' Cs 3 opeanizmy kapacs cpionozo (Carassius gibelio)
npu memnepamypi 6oou 5 + 1 °C 6 akeapiyMHux KOHMPOIbOBAHUX YMOBAX.

YV pesynomami nposedeHux excnepumeHmaibHux O0O0CHiONCeHb OYau OmpumMai
3Hauenns nepiody biono2iunozo naniesueedenns 'Cs 3 opeanizmy xapacs cpibnozo
(3921206 0i6) 6e3 2odyeanna npu memnepamypi eoou S+l °C, ski 6ionogioaroms
paniuie OMpuMaHUMu Hamu eIUYUHAM Ol AHATIO2TYHUX YMO8 NICAs padioaKmMUgHO20
3a0pyoHenHs pubu 8 npupooHuUx ymosax HopHobunbcokoi 30Hu 6i0uYICceHHs - 433 +
162 0i6. Ilpu onuci ounamixu 3meHwenns numomoi axmusnocmi ¥'CS 6 opeawizmi
Kapacie cpionux 080X eKCNOHEHYINHOIO 3ANIeHCHICIIO YACMKA WEUOKOI CKIA0080i
3MeHuenHs emicmy paodionyknioa ckiara 19+3%. Ilpu yvomy weuoka i noginbHa
weuoxocmi eusedenns ' Cs 3 opeanizmy pudu 6yau pieni 0.3+£0.2 0i6™ ma 0.0004+0.0003
016, 6ionosioHo.

Ompumani 6 pobomi pe3yibmamu NOKA3VIOMb, WO PiBeHb PAioaKMUBHO20
3a0pyOHeHHs pudu 8 3UMOBUL nepiod 6yde NOCMIUHUM I 1i020 Ce30HHe 3MEHUEHHS, 8
3UMOBULL 4ac (MULONOOIOHA 3ANEeNHCHICMb) 3A36UHAll OMPUMYEMbC PAHie Npu
NPOCHO3HUX OYIHKAX, He NOBUHHO CHOCMEpieamucs, npo wo ceiouamsv HA8eOeHi
pe3yibmamu i eKCHepUMEeHmMAlbHi Oani, OMPUMAHI 8 PealbHUX NPUPOOHUX YMOBAX
YOPHOOUILCHKOI 30HU BIOUYHCEHHS.



Biosoris, GioTexHoJorisi, eKoJiorist

Kammaposa O. B., XomyrTinin IO. B., Teien X.-K., I'yaxos 1. M.

Knwuosi cnoea: “'Cs, paoioexonozia, Carassius gibelio, Yopnobunvcoka
asapis, paodioakmuseHe 3a0pYOHEeHHs, OONYCMUMI pIBHI, WBUOKICMb BUBEOEHHS
PpaodioHyKnioa
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