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In consequence of nuclear accidents that have occurred in various parts of the world, radioactive contamination of the environment is
observed. The risks of spreading pollution can increase during floods, fires and some natural disasters. The lack of effective measures
that aimed at eliminating possible sources of fire in the meadow zone and forest lands in the Chernobyl exclusion zone (ChEZ) leads to a
high risk of fire emergence. The temporal and spatial distribution of fires shows that they occur throughout the ChEZ, including in the
most contaminated areas. The risk of fires increases with climate change and measures to prevent them should be considered in
emergency programs. ChEZ area is contaminated with long-lived radionuclides such as '¥’Cs, ®Sr, Pu isotopes (*38Pu, 23 * 240py, 241Py)
and ' Am. As a result of forest fires radionuclides contained in wood and underlying surface are carried out into the atmosphere along
with smoke. Diseases arising under the influence of ionizing radiation from Pu and 2*' Am isotopes pose a serious problem for human
health. To assess of the spatial distribution of Pu isotopes and 2! Am we used data on forest fires that occurred in the Chernobyl zone in
April 2020. To evaluate the dynamics of the release of radioactive substances into the atmosphere during fire incidents on the ChEZ
territory, the following software products were used: NASA WorldView, HYSPLIT program. The HYSPLIT program allows to
reconstruct the trajectories of radionuclide propagation in the atmosphere using meteorological data and to obtain a reliable picture of the
distribution of radionuclides in the study area. The maps of the volumetric activity of Pu isotopes in the air and the fallout on the soil as a
result of fires were obtained. It was found that the radioactivity due to the presence of this element in the air and during the fallout of
radioactive particles on the soil is low (it reaches 1.0E-7...0.1 Bg/m? in the air, 1.0E-6...1 Bg/m? on the soil). The analysis of the
propagation of Pu isotopes as a result of the movement of air masses in the places of fires in the exclusion zone of the Chernobyl nuclear
power plant and the associated dangers for the population and the environment has been carried out.

KEYWORDS: Chernobyl NPP, Pu isotopes and 2'Am, release of radioactive substances, fire zone, distribution of
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The spring floods of the Pripyat River and forest fires are two of the most important factors contributing to the
migration of radionuclides from the ChEZ. The lack of effective measures aimed at eliminating possible sources of fire
during the time after the Chernobyl accident has led to a high risk of the occurrence and spread of fires in the ChEZ
zone, which includes 260,000 hectares of forests and meadows. This area is heavily contaminated with long-lived
radionuclides such as '*’Cs, %°Sr, Pu (**®Pu, 23*240Py, 2#'Pu) and >*' Am [1].

Since nuclear radiation slows down the rate of decomposition of inert organic materials, the amount of dead wood,
ground layers of dried leaves and twigs in forest lands increases and the risk of fire increases. Forest fires that took
place in the ChEZ, for example, in 1992, covered an area of 17,000 hectares, and revealed the presence of sources of
ignition throughout the entire area, including in the areas most contaminated with radionuclides [2].

Fire prevention and suppression activities pose a serious health hazard to firefighters, who can reach the annual
individual dose limit in a relatively small number of days.

Now the main threat to the population and the environment in the ChEZ is caused by fires in places where plants
grow that have accumulated radionuclides as a result of the migration of radioactive particles from the soil cover. The
degree of public exposure associated with the burning of radioactive wood and grass depends on the distribution of
contamination in the combustion material, the amount of contaminated combustible material and the type of fire.

The accumulation of each radioactive element is special for different plant species. Currently from 70 to 85% of
radionuclides are concentrated in the upper soil layers of forests and meadows, as well as in the layer of organic
residues on the soil surface in forests and mosses, and from 15 to 30 % are deposited on trees (bark, needles, wood and
branches) or grass. The mass of dead wood in the ChEZ, contaminated with radioactivity, is estimated at 1.4-10° m?,
which may lead to further growth of forest fires. According to forecasts [2], the amount of contaminated dead wood in
the ChEZ will be 2.4-10° m® in 2020.

Forests most at risk of fire are concentrated in the central and northern parts of the ChEZ and include the most
contaminated areas in the west and northeast of the ChNPP.

The temporal and spatial distribution of fires shows that they occur throughout the ChEZ, including in the most
contaminated areas, within a radius of 10 km from the Chernobyl nuclear power plant, where there is the highest
activity level for the isotopes '3’Cs, °°Sr, Pu and ?*' Am. It is also obvious that in the north and north-east of this zone,
fires regularly cross the border between Ukraine and Belarus. Fires become more frequent in the spring. The highest
risk of fires is observed in July and August.

As a result of forest fires in ChEZ, radionuclides contained in wood and underlying surface are carried out into the
atmosphere along with smoke. The transport of *°Sr, *’Cs and Pu isotopes during fires occurs in the form of smoke
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particles and mineral dust. Dust particles, from 2 to 100 microns in diameter, are deposited again near the source. Small
particles of two types, ranging in size from 0.04 to 0.07 microns and from 0.1 to 0.3 microns, are carried over
considerable distances and may have a negative effect on humans if inhaled.

The data of the automatic radiation monitoring system under the control of the State Ecological Center show a
pronounced increase in the volumetric activity of radionuclides in the air of the ChEZ during large fires. Individual
radionuclides can migrate more than 100 km from the fire zone, thereby exposing the population to a dose of radiation
above the permissible limit.

The aim of this work is to assess the risks of the spread of Pu and ?*' Am radionuclides in the ChEZ and beyond, as
a result of fires in places where plants grow and accumulate dead wood with a high level of radioactive contamination
by these isotopes. It is supposed to assess the risk of radioactive impact on the population and the environment
associated with this process and to determine possible ways to reduce the negative consequences.

SUBJECT OF STUDY AND INPUT DATA
The explosion of the Chernobyl nuclear power plant reactor in 1986 caused the release of about 12,000 PBq of
radioactive material into the atmosphere. At present, the radioactive contamination of the soil is determined by the
presence of isotopes '37Cs, %Sr, 238:239.240241py; 241 Am_ The bulk of these radionuclides during the release was part of the
particles of irradiated nuclear fuel (the fuel component of the Chernobyl radioactive fallout) [3].
In this regard, the maps of the density of contamination with these radionuclides for the territory of the near zone
of the Chernobyl NPP are similar (Fig.1 and Fig.2).
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Figure 1. Total contamination of the ChEZ surface with Pu isotopes [4]
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Figure 2. Total surface contamination ChZO 2! Am [4]
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The zone within a radius of 10 km directly around the Chernobyl nuclear power plant is heavily contaminated with
Pu and 2*!Am isotopes. Figures 1 and 2 show the total contamination of the ChEZ surface with Pu and 2*' Am isotopes,
respectively [4].

The decay of B-emitting *'Pu (T1,=14.4 years) gives rise to long-lived a-radionuclides 2*'Am

(T12=4.32-10? years) and 2*'"Np (T1.= 2.14-10° years), which have a high radio toxicity. Calculations have shown that
by now about 90% of the ?*'Pu isotope has already decayed and turned into >*! Am. Unlike ?*'Pu, **' Am compounds
have a higher solubility and, therefore, a higher migration capacity [5].

Diseases arising under the influence of ionizing radiation from Pu and ?*! Am isotopes pose a serious problem for
human health.

Possible routes of Pu and 2*' Am entering the human body: as a result of inhalation, during food intake, through the
skin. Lifetime carcinogenic risk factors were calculated for almost all radionuclides, including isotopes of Pu and >*'Am
(Table 1). Food intake is usually the most common type of exposure. However, the risk coefficient for this route of
intake is much lower than for inhalation [6].

To assess the spatial distribution of Pu isotopes and **!Am, we used data on forest fires that occurred in the
Chernobyl zone in April 2020 [7]. In this work, the electronic Atlas of Ukraine was used to assess the density of
radioactive contamination in the areas of combustion. Radioactive contamination with recalculation of activity of Pu
isotopes in soil for 2020 [4].

Table 1. Radiological risk factors

Isotope Lifetime carcinogenic risk

Inhalation (pCi™) Ingestion (pCi™')
241Am 2.4 %108 9.5 x 101
241py 2.8 x 10710 19 x 102
B8py 3.0x 10 1.3 x 10710
29py 29x 10 1.3 x 1010
240py 29x 10 1.3 x 1010

The areas of fire burnout were taken into account for two main categories of landscapes: forest and meadows. The
forest category included all areas covered with woody vegetation (coniferous and deciduous), and the category of
meadows also included drained areas covered with reeds, which, as a rule, became the primary source of fire
development. The areas of water bodies, roads and other man-made unnatural objects were not taken into account for
calculating the areas of fire.

SPATIAL ANALYSIS METHODS

To assess the dynamics of the release of radioactive substances into the atmosphere during fire incidents on the
ChEZ territory, the following software products were used: NASA WorldView, HYSPLIT program [8], data on
radioactive contamination of territories [4,9]. To identify fire incidents and estimate their parameters in the Worldview
tool the MODIS Fire and Thermal Anomalies product was used, which operates with data from the Terra (MOD14) and
Aqua (MYD14) satellites, as well as the combined Terra and Aqua satellite product (MCD14).

The HYSPLIT program allows to reconstruct the trajectories of radionuclide propagation in the atmosphere using
meteorological data and to obtain a reliable picture of the distribution of radionuclides in the study area. The basic
model simulation input parameters are: starting time (year, month, day, hour); location (starting locations, as latitude,
longitude, and height); start time and duration of the dispersion (i.e., run-time); pollutant characteristics (number of
pollutant species, emission rates, emission duration).

The input meteorological data necessary for HYSPLIT-4 were taken from the meteorological model calculations
based on in-situ measurement results.

RESULTS OF THE RESEARCH

Forest fires broke out in an area heavily contaminated in 1986 during the Chernobyl accident. These fires reached
the ChEZ and the area around the NPP on April 8, 2020 (Fig. 3). According to some estimates, the area of fire reached
20,000 hectares [10].

The total area of fires on the territory of the ChEZ around the Chernobyl NPP and in the adjacent territories of the
Polessky district of the Kiev region, as well as in the Ovruch district of the Zhytomyr region for the period from 2 to
20 April was determined at 870 km?. Of these, about 445 km? are combustion zones in a fire in the Ovruch district of
the Zhytomyr region; 340 km? is the area of the territories burned out during the period of the fire in the Polessky
district (the main part on the territory of the ChEZ). In the exclusion zone around the Chernobyl nuclear power plant,
about 65 km? burned out, as well as about 20 km? on the left bank of the Pripyat river [7].
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The total takeaway of Pu isotopes in the smoke fraction, which could be transferred to a long distance outside the
burnout zones during fires, is 59 MBq (of which from fires in the Polessky district of ChEZ and adjacent territories
about 25 MBq and from fires in the area of Chistogalovka village and cooling pond of the ChNPP (CP ChNPP) in
ChZO about 19 MBq) [7].

Figure 3 shows a summary map of the fires detected from the satellite in the period from 2 to 20 April, 2020. On
April 8, the fire incidents began in several points of the Ovruch district of the Zhytomyr region. They are not related to
the primary source of fires in the exclusion zone, but the north-western wind caused dispersion of the combustion
products contaminated with '*’Cs in the direction of Kiev, therefore the radiological situation in Kiev for April 8 was
formed under the influence of sources of fire formation mainly outside the ChEZ.

In the period from April 8 to April 10 in Kiev the highest levels of '3’Cs activity in aerosols were observed for the
period of fire formation (according to the UkrGMI and CGO (Central Geophysical Observatory)). The data in the range
from 0.2 to 0.6 mBg/m>. Background volumetric activities were observed in almost 100 times lower [7]. During the
period of fire formation, according to observations in Kiev, the averaged volumetric activity of *’Cs in the air did not
exceed 1 mBq /m’.

On April 8 hotbeds of fire also developed directly in the exclusion zone (Fig. 4).
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Figure 3. A summary map of the fires detected from the satellite Figure 4. Map of fire sites on April 8, 2020. The fire zone is
in the period from 2 to 20 April 2020. highlighted in red
The fire zone is highlighted in red

To study the spatial distribution of Pu isotopes, the period from 8 to 13 April 2020 was chosen. At this time, the
largest removal of radionuclides from the ChEZ territory was observed. For calculations, a source height of 20 m was
chosen, and the removal duration was 24 hours.

Figure 5 shows the dynamics of the activity removal of radionuclides in radioactive aerosols from a fire during this
period in the area of Kopachi village - Chistogalovka village - CP ChNPP [7]. The largest removal of Pu isotopes from
fires occurred on April 9 and April 13, 2020.
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Figure 5. Dynamics of the activity removal of radionuclides in radioactive aerosols from a fire
in period from April 8 to April 13, 2020 in the area Kopachi village - Chistogalovka village - CP ChNPP

To analyze the propagation of Pu isotopes as a result of fires on the territory of the ChEZ the maps of the
volumetric activity of radionuclides in the air and during fallout on the soil in the period from April 8 to April 13, 2020
were constructed.

Figure 6 shows a map of the volumetric activity of Pu radionuclides in the air on April 9, 2020 from a fire in the
area of Kopachi village — Chistogalovka village. The wind changes direction from the northwest, which led to the
transfer of combustion products towards Kiev - to the west. Accordingly, the main centers of fires expanded eastward,
and the zones of ignition in the near 10 km zone around the Chernobyl NPP also expanded. In particular, a fire in the
area of the source of the initial ignition (in the Polessky district) begins to spread eastward (the area of combustion was
about 21 km?) [7].
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Figure 6. The volumetric activity of Pu isotopes in the air on April 9, 2020
from a fire in the area with Kopachi village - Chistogalovka village (for 24 hours), the source height is 20 m

Figure 7 shows a map of the surface activity of Pu isotopes during the fallout on the soil on April 9, 2020.
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Figure 7. The surface activity of Pu isotopes during deposition on the soil on April 9, 2020 from a fire in the area with Kopachi
village - Chistogalovka village (for 24 hours), the source height is 20 m

Figure 8 shows a map of the volumetric activity of Pu isotopes in the air on April 13, 2020 from a fire in the area
with Kopachi village - Chistogalovka village.
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Figure 8. The volumetric activity of Pu isotopes in the air on April 13, 2020
from a fire in the area with Kopachi village - Chistogalovka village (for 24 hours), the source height is 20 m

The combustion centers in the Polessky district spread in the northeastern direction and crossed the zone of the
location of the so-called fuel trace of radioactive fallouts of 1986 year. The area of combustion was about 18 km?. The
combustion on the territory of the Red Forest covered 3.5 km?. The wind had a northeasterly direction, so the territory
of Ukraine, Belarus and Russia was subjected to Pu pollution. Figure 9 shows a map of the surface activity of Pu
isotopes during the fallout on the soil on April 13, 2020.

On the fuel traces of the Chernobyl radioactive fallout due to the radioactive decay of 2*!Pu, the accumulation and
increase in the activity of 2! Am occurs over time. The maximum activity of 2! Am will be reached approximately 70
years after the Chernobyl accident, by 2056, while the activity of 2! Am will be no more than 20% higher than the level
as of 2017-2018 (Table 2). During the increase in the activity of >*' Am (about 50 years), the activity of long-lived *°Pu
(T12 = 24100 years) and 2*°Pu (T2 = 6563 years) will practically not change, while the activity of 2*Pu (T, = 87.74
years) due to its radioactive decay, it will decrease by 40%. As a result, the total activity of a-emitting radionuclides
will slightly increase over the next 50 years, and then monotonously decrease.

At the same time, the maximum of the total activity of a-emitting radionuclides will exceed the level as of
2017-18 by only 6%. With equal dose coefficients per unit of inhalation intake activity for alpha emitting radioisotopes
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Pu and "' Am (Table 2), such a slight change in their activity over the next 50 years will not have a significant effect on
the value of conservative estimates of inhalation doses for personnel and for the population [11].
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Figure 9. The surface activity of Pu isotopes during the fallout on the soil on April 13, 2020
from a fire in the area with Kopachi village - Chistogalovka village (for 24 hours), the source height is 20 m

Since an increase in the activity of 2! Am by 20% in the next 50 years (Table 2) will not have a significant effect
on the change in the formation of inhalation doses of internal and external irradiation of personnel and the environment
in the ChEZ, no significant changes in approaches to control the spread of >*! Am are required. However, since there is
evidence of a significantly higher assimilability of ! Am by meadow vegetation compared to 2*% 2*°Pu [12], over time
the problem of the spread of this nuclide along with combustion products or through the food chain can create
additional risks for the environment and humans. Therefore, permanent tracking of 2! Am migration is an important link
in the creation of a comprehensive system for monitoring radiation contamination of territories and predicting negative
consequences for the population.

Table 2. [10] Dynamics of changes in the specific activity of a-emitting radionuclides in the fuel component of Chernobyl radioactive
fallout, Bq/g

Year
Radionuclides
2017 2021 2026 2031 2036 2046 2056 2076 2186
238py 6.3E+6 | 6.1E+6 | 5.8E+6 | 5.6E+6 | 54E+6 | 5.0E+6 | 4.6E+6 | 39E+6 | 3.6E+6
239py 5.1E+6 5.1E+6 5.1E+6 5.1E+6 5.1E+6 5.1E+6 5.1E+6 5.1E+6 5.1E+6
240py 7.8E+6 7.8E+6 7.8E+6 7.8E+6 7.8E+6 7.8E+6 7.7E+6 7.7E+6 7.7E+6
21 Am 2.5B+7 | 2.6E+7 | 2.8E+7 | 2.8E+7 | 2.9E+7 | 3.0E+7 | 3.0E+7 | 3.0E+7 | 2.9E+7
h 4 4E+7 4.5E+7 4.6E+7 4.7E+7 4.7E+7 4.7E+7 4.7E+7 4.6E+7 4.6E+7

The long-lived Pu radionuclides fell out in the composition of fuel particles with a high specific mass. Therefore,
they did not spread over long distances, and the density of soil surface contamination, according to preliminary data,
exceeded the limits established for them practically only within the boundaries of the 30-km exclusion zone. Pu is
characterized by a very low ability to penetrate biological membranes. Therefore, the coefficients of its accumulation by
plants from the soil and entering the human body are several orders of magnitude lower than for Sr and Cs [1]. Pu
isotopes are present in forest organic matter in insignificant amounts and remain fixed in the mineral fraction of soil
contaminated in 1986. Thus, its re-transport during fires in the ChEZ is low.

CONCLUSIONS

The maps of the volumetric activity of Pu isotopes in the air and the fallout on the soil as a result of fires in April
2020 were obtained. As a result of the distribution analysis of Pu radionuclides in the territory under consideration, it
was found that the radioactivity due to the presence of this element in the air and during the fallout of radioactive
particles on the soil is low (it reaches 1.0E-7...0.1 Bg/m? in the air, 1.0E-6...1 Bg/m? on the soil). Despite the high
radiotoxicity of Pu isotopes, the contribution from the resulting radioactivity to the radiation exposure of the population
through inhalation or consumption of food will be insignificant.

The risk of fires in the ChEZ increases with climate change and measures to prevent them should be considered in
emergency programs.

This information will provide important insight into the dynamics of accumulation, transformation, and migration
of Pu and >*! Am isotopes. And also to study the impact of ionizing radiation from fires in the ChEZ on the environment.
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AHAJII3 TIOIMUPEHHSA PAAIOHYKJILAIB PU B PE3YJIBTATI ITOKEXK Y KBITHI 2020 p B 30HI
BIIUYKEHHSI YOPHOBUJIbCHKOI AEC
M.®. Ko:xkeBHikoBa, B.B. JleBeHeunb
Hayionanvnuii naykosuii yenmp «Xapxiscokuil @izuxo-mexuiunuii incmumymy, HAHY
eyn. Akademiuna, 1, 61108, Xapxie, Ykpaina

BHacijok siiepHUX aBapiif, 10 CTaNIUCs B Pi3HUX YaCTHHAX CBITY, CIIOCTEPIraeThbesl pajlioaKTHBHE 3a0pyIHEHHS HAaBKOJIHMIIHBOTO
cepenoBula. Pu3nku nomvpeHHs 3a0pyIHEHHS MOXKYTb 3pOCTaTH I1iJl 4ac MOBEHI, MOXKEX Ta JSIKUX CTUXIHHUX 1uX. BincyTHicTs
e(eKTHBHUX 3aXOfiB, CIIPSIMOBAaHMX Ha JIKBIJALlil0 MOMXJIMBHX JDKEpel IOXKEeKi B JIYroBi 30HI Ta JICOBUX YTiiiX y 30HI
BiquysxeHHs1 YopHOoOma (U3B), mpu3BOANTE 10 BUCOKOTO PU3UKY BUHUKHEHHS MOKeXi. HacoBHiA Ta MPOCTOPOBUI PO3MOALT MOKEK
CBITUUTPH PO T€, IO BOHU TPAIUIAIOTHCA Ha BCiil Tepuropii U3B, y ToMy umcmi B HaiiOinpm 3a0pyaHeHUX paifoHax. PU3uk mosxkex
3pocTae 31 3MIHOIO KJIMaTy, i 3aX0IM HIOAO IX 3amoOiraHHs CIIiJ BpaxoByBaTH B HaJ3BHYalHHWX mporpamax. Tepuropis U3B
3a0py/IHEeHa JOBrOKHUBYYUMH PalioHyKIIinamu, Takumu sk 3’Cs, 2°Sr, isororm Pu (**8Pu, 23% * 24Py, 241py) ta 2! Am. B pesynbrari
JIICOBUX TMOXKEK PATIOHYKIIIN, 0 MICTATHCSI B ICPEBUHI Ta MiJCTHIbHIA MOBEPXHi, MOTPAILIIOTh B aTMOc(hepy pa3oM 3 JHUMOM.
XBOpoOH, 1110 BUHUKAIOTH MiJl BIJIMBOM i0Hi3yH040ro BUIPOMiHIOBaHHs i30ToniB Pu Ta 2*!Am, cTaHoBIATH cepiio3Hy mpobieMy st
3710pOB'st oMy, st OLIHKK MPOCTOPOBOro po3noxiay izoromie Pu ta >*'Am Gyyio BUKOPMCTaHO AaHi Hpo JICOBI MOXexi, sKi
cranucsi B YopHOOMIIbChKiH 30HI B KBiTHI 2020 p. Iyt OLIHKK JUHAMIKM BHKUAIB PaJiOaKTHBHHX PEYOBHH B atMocdepy g dac
noxkexx Ha Teputopii U3B, BukopucToByBamuck mporpaMHi mpoayktu: NASA WorldView, mporpama HYSPLIT. IIporpama
HYSPLIT no3Bodsie 3a JONOMOTOI0 METEOPOJIOTIYHUX JaHUX PEKOHCTPYIOBATH TPAEKTOPIi MOMIUPEHHS paJiOHyKIioiB B aTMochepi
Ta OTPUMATH JOCTOBIPHY KapTHHY PO3IOALIY paXiOHyKNIimiB Ha HOCTIIpKyBaHil Tepuropii. OTpuMaHO KapTH 00'€éMHOI aKTUBHOCTI
i3oromiB Pu B MOBITpi Ta BUMAAIiHG Ha IPYHTI B pe3ysbTaTi Moxex. BecranosieHo, mo oOyMOBIIEHa IPHCYTHICTIO I[OTO €JIEMEHTa
PaioaKTHBHICTE B MOBITPi Ta [PU BUNAAaHHI PaJi0aKTHBHUX YACTUHOK Ha IPYHT HEBHCOKa (nocsrae B nosirpi 1.0E-7...0.1 Bx/M3, na
rpynri 1.0E-6...1 Bx/m?). TIpoBeieHo anai3 mommperHs i30TormiB Pu B pe3yyibTaTi NepeMillieHHs MOBITPAHMX MAC Y MIiCIAX TIOXKEXK B
30Hi BiguysxenHst Hopaoounbcbkoi AEC Ta noB's3aHux 3 UM HeOe3MeK U1 HACEIeHHs Ta HAaBKOJIMIIHBOTO CEPEeIOBHUIIA.
KJIIOYOBI CJIOBA: Yopuo6unschka AEC, izotomu Pu Ta 2*'Am, BMKMA PafiOaKTUBHMX PEYOBMH, 30HA IMOXKEXKi, PO3MOILI
pamioHyKITiiB.





