SINEPHA ®I3UKA TA EHEPTETHUKA / NUCL. PHYS. AT. ENERGY 22 (2021) 294-299

PAJIOBIOJIOI'TA TA PAJIOEKOJIOTTA
RADIOBIOLOGY AND RADIOECOLOGY

https://doi.org/10.15407/jnpae2021.03.294

ISSN 1818-331X

VK 582.287.539.16:546.36
N. E. Zarubina®*, O. S. Burdo?, L. P. Ponomarenko?, O. V. Shatrova®

LInstitute for Nuclear Research, National Academy of Sciences of Ukraine, Kyiv, Ukraine
2 National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”, Kyiv, Ukraine
3SE “UKRMETRTESTSTANDARD”, Kyiv, Ukraine

*Corresponding author: nataliia.zarubina@gmail.com

TWO STAGES IN THE ACCUMULATION OF ¥¥'Cs BY MUSHROOM SUILLUS LUTEUS
AFTER THE CHORNOBYL ACCIDENT

Studies of the ¥7Cs content in fruit bodies of Suillus luteus in the territory of the Chornobyl exclusion zone and Kyiv
region outside the zone were carried out during the period 1986 - 2020. It was found that the dynamics of ¥'Cs activity
in the mushroom can be described as a two-stage process. The first stage since 1986 was characterized by the annual
increase in levels of specific activity of *3’Cs for the following 10 - 12 yrs. During the second stage, there has been a
gradual decrease in concentrations of ¥’Cs. The ecological half-life of *3’Cs in the mushroom at the second stage differs
for different sampling sites. Its minimum values were noted at Yaniv and Novo-Shepelychy sampling sites inside the
exclusion zone. The maximum of *¥’Cs ecological half-life in Suillus luteus was observed on the Rzhyshchiv sampling

site, which is the most remote from the Chornobyl Nuclear Power Plant outside the exclusion zone.
Keywords: mushroom, Suillus luteus, *¥Cs, Chornobyl (Chernobyl) NPP accident, Chornobyl (Chernobyl) exclusion

zone, two stages.

Since the Chornobyl accident on 26 April 1986, a
lot of publications devoted to the study of the accu-
mulation of artificial radionuclides by mushrooms in
the forests of the Northern Hemisphere have appeared
in the scientific literature.

Studies [1, 2] carried out in Europe indicate an in-
crease in the content of radionuclides, and in particu-
lar of two Cs (**’Cs and ***Cs) radioisotopes in mush-
rooms since 1986, compared to the pre-accident val-
ues. Thus, in Paxillus involutus sampled in Austria
[2], *¥'Cs concentrations increased 5 - 10 times; in
Suillus variegatus — 60 - 130 times; in Lactarius rufus
— 20 - 40 times higher. In Poland, the content of this
radionuclide increased by a factor of 10 in fungi of
different species [3].

In the initial 3 yrs after the accident, the average
B¥7Cs content in mushrooms in Europe was higher
than in mosses and lichens [4] and 5 to 270 times
higher than in vascular plants [5].

Mushrooms belonging to the ecological group of
symbiotrophs are the most contaminated with **’Cs
[6, 7]. However, the content of radiocaesium in sym-
biotic mushrooms growing within a short distance
from each other can vary significantly (by the order
of magnitude) [8]. This is due to one of the main fac-
tors affecting the accumulation of **’Cs by mycorrhi-
zal mushrooms, the deep localization of the main part
of the mycelium of each species in the underlying soil
[9]. An order by the amount of **’Cs accumulated by
various forest ecosystem objects following the Chor-
noby! accident is as follows: mycorrhizal mushrooms
> mosses and lichens > higher plants [4, 5, 10, 11].

The intensity of the absorption of Cs isotopes from
the soil by mushrooms is higher than in plant biota of
the forest, and they accumulate the radiocaesium
more intensively than natural isotope “K [12 - 14].
Studies in Poland, Italy, and Finland have shown that
mushrooms almost do not accumulate *°Sr and trans-
uranic elements, as well as other artificial radionu-
clides [8, 15, 16]. Our studies found that in the terri-
tory of the Kyiv region (Tolokun) radionuclides were
present in Boletus edulis: **'Cs -39+ 17, ¥ - 115+
+45, and the pair *°Ba-“’La — 229 + 37 Bq/kg of
fresh weight in June 1986. In Cantharellus cibarius
and Xerocomus chrisenteron in the territory of the
Chornobyl NPP exclusion zone contained !*Cs,
IOGRU, 1°3Ru, l““Ce, 141Ce, 952r, 95Nb, 14084140 3 in
July 1986, i.e., almost all short-lived radionuclides of
the Chornobyl emissions [17].

The problem of accumulation of radiocaesium by
mushrooms again attracted the attention of scientists
after the accident at the Fukushima Dai-ichi NPP, Ja-
pan in 2011, resulting in contamination of large forest
areas by artificial radionuclides. Several publications
on mushrooms pollution after the accident have ap-
peared in the scientific literature [18 - 20].

Analyzing the consequences of these two largest
nuclear accidents with the dissipation of radionu-
clides into the environment the following should be
noted: firstly, when artificial radionuclides enter the
environment, they necessarily pollute forests to one
degree or another; secondly, in the forest ecosystems
mushrooms are one of the maximum accumulators of
biologically significant, long-lived radionuclide
B37Cs; thirdly, the fruit bodies of mushrooms are one
of the links of the trophic chain, leading to man.
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TWO STAGES IN THE ACCUMULATION OF *Cs BY MUSHROOM SUILLUS LUTEUS

The aim of our paper is research of *¥’Cs accumu-
lation in Suillus luteus (L.) Gray on the territory of the
Chornobyl exclusion zone and the Kyiv region out-
side the zone after the accident and in a perspective.

This species of mushrooms belongs to the class of
basidiomycetes, a family of boletes (Boletaceae).
S. luteus is an obligate symbiotroph and forms my-
corrhiza with Pinus sylvestris L. on the territory of
Ukrainian Polissia [21]. The main part of mycelium
of this species is localized in the near-surface 0 - 5 cm
soil layer [22, 23].

1. Materials and methods

1.1. Sampling sites

We studied **¥’Cs accumulation by mushrooms on
the territory of the exclusion zone of Chornobyl Nu-
clear Power Plant (ChNPP) and the Kyiv region out-
side the exclusion zone. Sampling sites are located
at different distances and directions from ChNPP
(Figs. 1 and 2).
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Fig. 2. Sampling sites at the territory
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The sampling sites within the Chornobyl exclu-
sion zone have the following coordinates: Yaniv
(30°04'01.51"E, 51°23'22.18"N), Novo-Shepelychy
(30°00'32.83"E, 51°25'04.77"N), Paryshiv
(51°17'57.54"E, 30°18'17.43"N) and Dytiatky
(30°07'21.83"E, 51°07'13.37"N).

The coordinates of the sampling site within the
Kyiv region are as follows: Staiky (30°59'45.21"E,
50°02'37.76"N) and Rzhyshchiv (31°02'01.75"E,
50°01'40.86"N).

Sampling of S. luteus fruit bodies was carried out:
Dytiatky — from 1986 till 2020; Staiky — from 1986 till
2012; Novo-Shepelychy — from 1988 till 2006;
Rzhyshchiv — from 1994 till 2008; Yaniv — from 1997
till 2008; Paryshiv — from 1999 till 2020. The size of
each sampling sites is approximately 100 m2 The soil
at the sampling sites belongs to the sod-podzol type.
Scots pine (P. sylvestris) prevails among wood vegeta-
tion on the territory of the studied sampling sites.

1.2. Sampling of fruit bodies of fungi

Samples of complete fruit bodies (caps and stipes)
of S. luteus were collected during the period of the
massive occurrence.

The fruit bodies of average size, with no visible
external damage were collected from areas of up to
100 m?. The samples were cleaned from surface con-
taminations and homogenized using a blender. Mixed
mushrooms sample consisted of 3 - 7 whole fruit bo-
dies. Data of the measurements of the *’Cs specific
activity and measurement errors are given in this arti-
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Fig. 3. The specific activity of *¥’Cs in S. luteus, sampling
site Novo-Shepelychy, Bg/kg fresh weight. The dashed line

shows the calculated line of *Cs ecological half-life.
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Fig. 5. The specific activity of ¥’Cs in S. luteus, sam-
pling site Staiky, Bg/kg fresh weight. The dashed line
shows the calculated line of *3’Cs ecological half-life.
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cle for one mixed mushrooms sample in one moment
of the time on each sampling site.

1.3. Radiometry

137Cs specific activity measurements were per-
formed employing a CANBERRA gamma-spectro-
metric set-up based on coaxial highly pure HPGe
semiconductor detector, model GC6020.

The detection unit was covered with 100-mm lead
protection allowing to carry out effective measure-
ments of samples with a comparatively low radionu-
clide specific activity.

The measurement time was from 600 to 14,400 s
depending on the specific activity of the radionuclide.
The measurement errors of this series of samples did
not exceed 10 % and, as a rule, were within the limits
of 3 - 5 % of the radionuclide activity.

In this article, the **’Cs specific activity in mush-
rooms is given in Bg/kg of fresh weight.

A detailed description of the materials and me-
thods is given [9].

Statistical software packages “Statistica” and
“Excel” were used for mathematical data processing.

2. Results and discussion

2.1. Changes in *’Cs content in S. luteus after the
Chornobyl accident can be divided into two stages
(Figs. 3 - 5). The first stage was characterized by an
annual increase in the content of radiocaesium in the
fruit bodies of this species of mushrooms and lasted
from 1986 till 1996 - 1998 (depending on a sampling
location).
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Fig. 4. The specific activity of ¥¥’Cs in S. luteus, sam-
pling site Dytiatky, Bg/kg fresh weight. The dashed line
shows the calculated line of *¥Cs ecological half-life.

During this stage, the specific activity of *'Cs in
S. luteus increased by approximately 10 times. The
maximum levels of **’Cs content in this species of
mushrooms were observed in 1996 - 1998.

The content of *¥'Cs in fungi of one species in Eu-
rope after the Chornobyl accident was not constant
and changed over time. A decrease in *'Cs specific
activity levels in mushrooms, the mycelium of which
is in the undecomposed and semi-decomposed layers
of forest litter, was observed on the territory of
Ukrainian Polissia during 1987 - 1994. Significant
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changes in the content of radiocaesium in mush-
rooms, the mycelium of which is located in the de-
composed part of the forest litter, were not observed
during this period. The increase in the amount of **'Cs
accumulated in fruit body, the mycelium of which is
located in the upper humified part of the mineral soil,
was noted [24]. The increase in *'Cs specific activity
in Imleria badia was noted in the Chornobyl exclu-
sion zone and Kyiv region from 1986 till 1997 [25].
In Poland, the maximum **’Cs content in B. edulis and
I. badia was observed in 1988 - 1989, in C. cibarius
in 1991 [26]. In Pomerania (Poland) the highest con-
centrations of radiocaesium were observed in B. edu-
lis in 1999 for the period 1995 to 2015 [27]. The in-
crease in the content of *¥'Cs in some species of
mushrooms (Hydnum repandum, I. badia, etc.) in the
period up to 1997 on the territory of France was re-
ported. The concentration of radiocaesium increased
as much as twice and more in fruit bodies from 1992
till 1997 [28]. The research of the radiocaesium con-
tent in mushrooms on the territory of Norway made it
possible to suppose that the maximum of the content
of this radionuclide in different species will be ob-
served in different years [29]. The highest concentra-
tions of *'Cs in various species of mushrooms sam-
pled on the same territory could be noted in different
periods (indicated in [30]).

The increase in levels of **'Cs specific activity in
S. luteus at the first stage was observed not only at the
sampling sites contaminated by the fuel component of
the fallout [16, 31]. This process was also noted in
areas where pollution was caused by precipitation of
condensational components of the fallout (see Figs. 3
- 5). It can be supposed that the increase in *¥'Cs con-
tent in S. luteus on the territory of the research at this
stage could be associated not only with the output of
this radionuclide from “hot” particles but also with
the gradual rising in its bioavailability during the first
10 to 12 yrs after the accident. Thus, the process of
1¥7Cs involvement from Chornobyl fallout in the bio-
logical chains in the forest ecosystems has a consid-
erable duration.

2.2. A decrease in the levels of *¥'Cs specific ac-
tivity in S. luteus is observed at the second stage (from
1996 - 1998 till now) (see Figs. 3 - 5).

We calculated the ecological half-life of **’Cs for
S. luteus, sampled at sampling sites with different lev-
els of radiocaesium content in soils [32, 33].

The specific activity of ¥’Cs in S. luteus at the se-
cond stage is as follows:

A(t) = A)exp(—anLJ,

where A, — specific activity of *’Cs at time zero; ze
signifies the effective half-life, which depends on

both the ecological half-life and the decay period.

If the values of the **”Cs concentration convert
into a logarithmic scale, we get a straight line b - at
along which the experimental points are scattered.
The parameters of this straight line can be determined
using the standard/ordinary method of least squares.
Knowing a one can determine the effective half-life:

T4 =IN2/a.

In this case, the behavior of the specific activity in
time will be approximated by the dependence

A(t) =exp(b)exp(—ln2LJ.
Teff
Based on proceeding from the known effective
half-life z. and decay period (half-life period of **’Cs,
712 = 30.2 yrs), it is easy to calculate the ecological
half-life - 91, from the ratio:

1 1 1

4 =

T2 ‘91/2 Tett

The 912 values for sampling sites with different
levels of soil pollution are very noticeably different
(Table). The minimum value 91, was obtained for
the Yaniv sampling site (2-km Chornobyl zone) —
3.14 yrs; maximum — at the Rzhyshchiv sampling site
(the territory of the Kyiv region, the distance from the
Chornobyl nuclear power plant is approximately
160 km) —11.91 yrs. As an example, the Table shows
the values of the specific activity of **’Cs in S. luteus
and the density of soil contamination at the sampling
sites in 2004. In Figs. 3 - 5, the dashed lines show the
calculated line of *¥'Cs ecological half-life for up to
2025 at the sampling site.

In the result of the calculation of the ecological
half-life **’Cs it was found that in the territories of the
5-km zone, i.e., in the forest ecosystems with the lar-
gest levels of soil pollution, 91, **¥Cs is the lowest. It
means that in the territories with the maximum level
of soil pollution, the specific activity of this radionu-
clide in mushrooms decreases at a greater rate. With
the increase in distance from the ChNPP 91, ©*'Cs in
S. luteus increases as much as several times. A maxi-
mum of 91, *¥'Cs was obtained for the Rzhyshchiv
sampling site, the most remote from the ChNPP (see
Figs. 3 -5).

The difference in 91, *¥'Cs in areas with different
levels of contamination may indicate the existence of a
complex mechanism for the removal of cesium by
mushrooms. At highly contaminated sampling sites,
they more intensively remove the “excess” *¥'Cs from
their body. At the first stage, the intake of *¥'Cs into the
body of mushrooms exceeded the limits of possible
removal, since the beginning of the second stage the
mechanism of removal proves to manifest itself more.
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The value of 9112; the content of *¥'Cs in S. luteus, equivalent dose rate, 2004

Sampling site .
. S A(2004), AA(2004), Equivalent dose
(distances and direction 112, Yrs | Aup, yrs
from ChNPP Ba/kg Ba/kg rate, uSv/h, 2004
Inside the exclusion zone
Yaniv (2 km, to the West) 3.14 0.51 2,700,000 16,900 15.00
Novo-Shepelychy
(6 km, to the Westnordwest) 4.14 2.22 48,700 2,300 3.50
Dytiatky (30 km, to the South) 5.37 0.42 2.900 300 0.30
Paryshiv (20 km, to the Southeast) 7.21 0.71 1.810 80 0.35
Outside the exclusion zone
g;a;;l;y (150 km, to the Southsouth- 8.34 0.77 410 30 0.20
Rzhyshchiv (160 km, to the South- 11.91 379 270 20 0.20
southeast)

3. Conclusion

Summing up the results of the long-term research
of *¥'Cs accumulation by S. luteus carried out on the
territory of the Chornobyl exclusion zone and Kyiv
region with the different levels of pollution by this ra-
dionuclide following the accident at the ChNPP, it
was discovered that dynamics of radiocaesium con-
tent in mushrooms was represented by a two-stage
process. The first stage was characterized by the an-
nual increase in levels of the specific activity of **'Cs
in mushrooms and lasted for the initial 10 - 12 yrs,
after 1986. At the second stage, there was a gradual

decrease in *'Cs concentration in S. luteus and this
process has been continuing so far.

The calculation of '*Cs ecological half-life
showed that on the sampling sites which are in close
proximity to the ChNPP (villages Yaniv and Novo-
Shepelychy), the rate of decrease concentration of
this radionuclide in S. luteus at the second stage is
much higher than on the sampling sites with the lower
level of soil pollution. The cause for the differences
in the value of *’Cs ecological half-life on territories
with the different levels of soil pollution may be the
mechanism of removal of “excess” radiocaesium by
mushrooms.
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NIBA ETAIIM HAKOIMMYEHHS ’Cs TPUBAMM SUILLUS LUTEUS
MICJISI YOPHOBWIBCHKOI ABAPII

Hocnimxenns smicty *¥'Cs y mnomosux Tinax Suillus luteus na tepurtopii YopHOOMILCHKOT 30HU BiguyxeHHs Ta Ku-
iBCHKOT 06J1aCTi 32 MeKaMK 30HM MPOBOAWINCH y nepion 1986 - 2020 pp. YcTaHOB/IEHO, 0 JUHAMiKy akTuBHOCTI *3'Cs
y IBOMY BHJIi I'pHOIB MOKHA OITHCATH SIK IBOCTYNeHeBH npotiec. [leprmii etam 3 1986 p. xapakTepusyBaBcs IOPIYHUM
30inblIeHHAM piBHA nuToMoi aktuBHOCTI *¥'Cs mpotsrom nmepumx 10 - 12 pokis. Ha apyromy erami crocTepiranocs
NOCTYNOBE 3HWkeHH KoHenTpaii 3'Cs. Exonoriunmii nepion naniesusenenns ¥'Cs y isoMy Bujli rpu6iB Ha Apyromy
eTari BiIpi3HAETHCS A Pi3HUX MicIb BiOoopy nmpo6. MiHiMaibHI Horo 3Ha4eHHs BiI3HAYCHO HA MicIsIX BinOopy mpod
cin Suie ta Hoso-Illenennai. Makcumym exonoriaaoro nepioay maniseuseaenns ='Cs y Suillus luteus cioctepiraerses
HAa TIOJiroHi PxumiiB, sskuii € HartOLIpm Bignanennm Big YopHoOmibchkoi AEC.

Knouoei crosa: rpubu, Suillus luteus, *¥'Cs, apapis na Yoprobunbebkiit AEC, YopHOOMIbCHKA 30HA BiUyKEHHS,
JIBa €TaIlu.
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