SINEPHA ®I3VKA TA EHEPTETHUKA / NUCL. PHYS. AT. ENERGY 27 (2026) 070-079 ISSN 1818-331X

PAJIOBIOJIOI'TA TA PAATIOEKOJIOI'TA
RADIOBIOLOGY AND RADIOECOLOGY

V]IK 504.05:504.064.36:662.613(282.247.38) https://doi.org/10.15407/jnpae2026.01.070

D. M. Holiaka'*, S. E. Levchuk?, M. O. Hrechaniuk?, V. V. Illienko?,
M. A. Holiaka?, V. P. Protsak? V. O. Kashparov*

! National University of Life and Environmental Science of Ukraine, Kyiv, Ukraine
2 Ukrainian Hydrometeorological Institute, State Emergency Service of Ukraine and
National Academy of Sciences of Ukraine, Kyiv, Ukraine

*Corresponding author: holiaka@nubip.edu.ua

1¥7Cs RELEASE FROM COMBUSTIBLE MATERIALS BURNING UNDER DIFFERENT
ENVIRONMENTAL CONDITIONS IN THE CHORNOBYL EXCLUSION ZONE

Wildfires in radioactively contaminated territories in northern Ukraine have intensified over the past decade, raising
concerns about the atmospheric resuspension of technogenic radionuclides, particularly 3’Cs. Despite numerous studies
on this topic, empirical data on radionuclide emissions from burning combustible materials in near-natural environments
remain limited. This study provides new estimates of 13’Cs release during the combustion of moss, herbaceous vegetation,
forest litter layers, and green pine branches collected at six Chornobyl sites representing pine and birch forests as well as
meadows.

Using a custom-built aerosol filtration system, we quantified *3’Cs activity in smoke aerosols and determined its
fraction of release relative to both fuel activity and the total ecosystem inventory. The results revealed a clear dependence
of the cesium radioisotope release on the vertical position within the pine litter profile during burning: the upper layers
(moss and fresh litter) contributed a greater amount to the atmospheric release, despite having a lower total *3’Cs activity
compared to the deeper humified layer. An increase in moisture content (from 5-13 % to 15-29 %) significantly reduced
radionuclide emissions from pine litter (by approximately one order of magnitude), whereas combustion of green pine
branches with moisture contents exceeding 100 % had unexpectedly high *¥'Cs releases (up to 24 %). The mean
proportion of cesium radioisotope release increased along the sequence: pine forest — birch forest — meadow (0.075-
0.45 %) for mechanically intact and dried above-ground layers of moss/grass vegetation and litter/detritus.

The obtained ¥'Cs release factors relative to its total activity in the studied sites generally align with empirical
estimates and modelling results for the spring 2020 Chornobyl wildfires, where this parameter has been estimated to range
between 0.01 and 0.4 %. Our materials indicate that *3’Cs release in the Chornobyl landscapes is unlikely to exceed 1 %

of its gross inventory in ecosystems, even during large-scale wildfires.
Keywords: radionuclide, radioactive aerosol, emission, wildfires, combustible materials.

1. Introduction

Over the last decade, the northern regions of
Ukraine have been characterized by a substantial
increase in the proportion of large wildfires, and the
Chornobyl Exclusion Zone (CEZ) was no exception:
during this relatively short period (2015-2024), at
least three years (2015, 2020, and 2022) experienced
total burned areas exceeding 10,000 ha. Although
fires also occurred in other years, their sizes were
relatively small (up to 1,000 ha). The largest wildfires
in the radioactively contaminated region occurred in
April 2020, when about 67,000 ha of the CEZ (with a
total area of approximately 260,000 ha) were affected
by fire [1, 2]. The active burning phase of those wild-
fires lasted for more than 20 days [1, 2]. This period
has been the most thoroughly studied in aspects of
assessing radionuclide resuspension into the atmos-
phere caused by the upward transport of smoke aero-
sols during wildfires on radioactively contaminated
territories since the Chornobyl Nuclear Power Plant

(ChNPP) accident (1986), based on various simula-
tion approaches [3].

At the same time, publications providing empiri-
cal estimates of the share of technogenic radionuclide
emissions from combustible materials into the atmos-
phere are relatively few [4-7], and even fewer of
them were conducted under natural or near-natural
conditions [8, 9]. One of the primary tasks of these
previous studies was to probabilistically assess the
effective internal dose resulting from the inhalation of
radioactive combustion products by local residents
living near the CEZ and by personnel directly
engaged in firefighting operations. The past findings
indicated that the additional dose from such exposure
was negligible compared to the already existing tech-
nogenic radionuclide contamination in the region out-
side the CEZ [1]. In contrast, for firefighting person-
nel operating in the most contaminated areas sur-
rounding the ChNPP, particularly within the so-called
“Red Forest”, the additional internal effective dose
may reach approximately 30 % of the external dose
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formed by gamma radiation [10, 11]. Although avai-
lable empirical evidence shows that smoke aerosols
emitted during wildfires exert an insignificant radio-
logical impact on human health outside the CEZ: this
remains true even if wildfires occur in the most
radioactively contaminated areas and their smoke
plume crosses adjacent territory. However, the infor-
mation on social media about fires in the Chornobyl
landscapes often triggers heightened public concern
among residents of nearby regions and personnel
working within the CEZ [1]. The emergence of such
social tension among the population is largely
attributable to insufficient public awareness as well as
the absence of accessible and reliable data. Thus, new
empirical assessments of the fraction of radionuclide
activity resuspended during the combustion of con-
taminated materials are essential not only for expan-
ding the available experimental dataset but for sup-
plying more objective information on the actual level
of radiological risk faced by different social groups in
Ukraine.

In this study, the authors present the results of an
evaluation of the release of **Cs activity from the
combustion of various types of combustible mate-
rials, including moss, grass vegetation, forest litter,
and green pine branches with shoot diameters up to
1.0 cm. The materials were collected from different
Chornobyl ecosystems: coniferous forest (Scots pine
— Pinus sylvestris), deciduous forest (Silver birch —
Betula pendula), and meadow (represented by herba-
ceous vegetation mainly from the Poaceae family).
Particular attention was given to ¥’Cs emissions
during combustion at different moisture contents and
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Fig. 1. Location of the sampling sites with their ID numbers (shon as white-m

within individual layers of organic soil horizons in
pine stands, which have most frequently been
affected by wildfires in the study region. Some sam-
ples of moss, herbaceous vegetation, and forest litter
were collected intact: without disturbing their natural
structure, in order to preserve the in-situ distribution
of B¥'Cs activity and moisture content during active
combustion experiments.

2. Materials and methods
2.1. Location and field sampling

Field material collection has been conducted at six
sites (see more detail in Fig. 1 and Table 1) located
3.5-5.6 km from Unit 4 of the ChNPP. A tree inven-
tory was carried out at all forest sites. The obtained
biometric parameters of the trees were then used to
calculate the main forest stand parameters, such as
average age (A), stand diameter (D), average height
(H), and basal area or cross-sectional area at breast
height (BA) (see Table 1). Combustible material
samples were collected from at least three sampling
points at each site. The sampling areas for herbaceous
vegetation, mosses, and the organic soil horizon
ranged from 0.08 to 1.0 m? at each point. After taking
the layers suitable for combustion, mineral soil sam-
ples were immediately collected at the same points to
a depth of 20 cm to determine the 3’Cs activity con-
centration and to assess the contamination density of
soils with the studied radioisotope at the selected sites
(see Table 1). Specialized cylindrical core samplers
with an internal diameter of 5cm and a length of
20 cm were applied for this purpose.
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2020. (See color Figure on the journal website.)
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Table 1. Short description of sampling sites

Site Year of Landscape A, D, H, BA, 137Cs contamination density of mineral
No. | sampling yr cm m m?-ha? soil as of January 2021, kBg-m2

1 2017 Pine forest 55 17 20 44 590 + 380

2 2024 Pine forest 62 18 16 43 3980 + 1280

3 2024-2025 | Pine forest 62 25 26 48 2300+ 70

4 2025 Birch forest 35 21 17 25 28400 + 11000

5 2025 Meadow - - - - 14700 + 6400

6 2025 | Open-canopy | 55 | 26 | g 13 44500 + 23700

pine stands

Notes. A is the average age of the stand; D is the stand diameter; H is the average stand height; BA is the basal area.

To examine the patterns of *’Cs activity emission
during the burning of different layers of combustible
materials located near the mineral soil in pine forests,
their samples were collected separately from the
green forest floor (GFF: consisting mainly of mosses
and sometimes grasses — primarily from the Poaceae
family) and from the individual layers of pine forest
litter: the fresh litter or litterfall layer (L), the frag-
mented layer (F), and the humified layer (H) [12].
These activities were carried out at Site 1 (see
Table 1).

The assessment of the secondary resuspension of
this radionuclide during wildfires under different
moisture contents was performed using combined
samples of GFF and the organic soil horizon collected
at Sites 2-3 in pine stands. All layers were left undis-
turbed during sampling to preserve their natural struc-
ture before burning; however, a substantial portion of
the lower litter layer directly adjacent to the mineral
soil could remain uncollected under such conditions.
Additionally, three supplementary sampling points
were selected at this stage to determine the moisture
content in the just-mentioned forest components.

The determination of “maximum” radionuclide
emissions in the case of burning of litter and herba-
ceous vegetation in three landscape types (pine forest,
birch forest, and meadow) was based on field mate-
rials from Sites 3-5. In these experiments, all herba-
ceous vegetation and litter were dried to air-dry con-
ditions before burning. These layers were collected
with minimal disturbance, including the lower humi-
fied organic soil horizon at each sampling point,
which was not combusted in experiments with diffe-
rent moisture contents. It was included and spread out
before burning to reproduce the natural arrangement
of the studied layers within the ecosystem.

At Site 6 (see Table 1), five to seven live green
branches of Scots pine were selected from three low
trees and burned immediately after sampling using a
butane gas burner. Each branch bundle was subjected
to 10 s of ignition and 50 s of self-burning; this ope-
ration was repeated three times. This procedure was
intended to estimate the likely **’Cs release during
crown fires in pine stands.

2.2. Burning combustible materials and sampling
of smoke aerosols from the air

Combustion of the collected organic material was
performed using a specially designed and hand-made
field-scale setup located outside the sampling sites
(Fig. 2). Since most incineration work was carried out
during dry weather conditions to avoid the occurrence
and spread of actual fires in the surrounding
ecosystems, burning was conducted in areas with
minimal natural fuel inventories.

The field-scale setup consisted of an aerosol sam-
pler, a filtration unit, a vacuum pump, and air hoses
(see Fig. 2,a and b). The aerosol sampler had the
form of a collapsible square pyramid (see Fig. 2, c)
with a base area of 0.96 m? and a height of 0.8 m. Its
sides were made of 0.5 mm-thick mirror-finished
stainless-steel sheets (AISI 304 grade) that could be
easily disassembled for transportation. Combustible
materials were placed on a 1 m? square stainless-steel
plate positioned beneath the sampler at a height of
10-20 cm. Combustion of the biomass samples
occurred solely due to the release of their intrinsic
thermal energy, without the use of external ignition
sources, except in the case of green pine branches (as
described above). The burning time of organic mate-
rial ranged from 7 min for litter and herbaceous
vegetation collected from a meadow landscape to
4.5 h for pine forest litter with a moisture content of
15-29 %. The duration of combustion depended on
the temperature of the surface of the residues after
active burning, which was measured using a
BEBETECH GM320 infrared pyrometer. The fire
experiment was considered complete when the tem-
perature of the entire surface of the burned residue
sample decreased to below 60 °C.

Smoke aerosol filtration was performed using Pet-
ryanov’s filter cloth [10, 13]. The effective filtering
surface area of the cylindrical support with perfora-
tions, onto which the cloth was wound (see Fig. 2, d),
was approximately 0.19 m?. This filtration element
was installed inside a sealed container (a standard
40 L plastic barrel). Standard water hoses with rein-
forced double-layer walls made of heat-resistant
polyvinyl chloride (working temperature up to
105 °C, length of 3.0m, and inner diameter of
20 mm) were used to transfer air containing smoke
aerosols from the sampler to the filtration unit.
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Fig. 2. Field-scale combustion setup for biomass samples with aerosol sampling system: schema (a); general view (b);
aerosol sampler (collapsible pyramid) with stainless-steel sheets (c); filtration unit with Petryanov’s filter cloth after
completion of aerosol pumping (d). (See color Figure on the journal website.)

When combustion of the sample was completed,
the contaminated Petryanov’s filter cloth was care-
fully removed. All components of the aerosol sam-
pler, filter unit, and hoses (after being longitudinally
cut) that had come into direct contact with smoke
aerosols were wiped clean with paper towels mois-
tened with mineral turpentine or special acetone solu-
tion. Next, the Petryanov’s filter cloth and the used
cleaning towels were packed in airtight bags and
transported to the laboratory. Before and after bur-
ning, the organic samples were weighed to calculate
the “burnout” fraction. An aliquot of the residual
combustible material remaining after combustion was
collected to determine the *3’Cs content.

2.3. 187Cs measurement and calculations

Before measuring ¥’Cs activity, all soil samples
were dried for three days at 105 °C and mechanically
homogenized. Other samples, including organic com-
bustion residues, contaminated aerosol filters, and
paper towels, were ashed at 440 °C for three days.
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This extended ashing time, compared with the stan-
dard protocol (24 h) [14], was applied to ensure com-
plete oxidation of organic material, as partial struc-
tural preservation was observed after one day of ther-
mal treatment. The resulting ash was subsequently
dissolved in 1 M HNO3 [14]. Determination of 2*’Cs
activity in the prepared samples was performed using
cylindrical containers with a volume of 130 mL and a
low-background gamma spectrometer equipped with
a high-purity germanium detector (GEM-30185,
EG&G ORTEC, USA) and a multichannel analyzer
(ASPEC-927). The system was fitted with passive
shielding and operated with GammaVision-32 soft-
ware [15]. The detection limit for the studied radio-
nuclide in each sample was 1 Bg, and the measure-
ment uncertainty did not exceed 8 % (p = 0.95). All
values of *¥’Cs content parameters were recalculated
as of 1 January 2025.

Computation of intermediate and final results, as
well as the construction of plots, was performed using
Microsoft Excel software. Descriptive statistics, such
as the arithmetic mean (AM) and standard deviation
(SD), were applied to summarize the obtained results.
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The ¥'Cs contamination density at each site
(Dcs-137, kBg m=2) was estimated based on the mass of
the air-dried sample (Mary, k@), the measured activity
concentration of the radionuclide in the sample
(ACcs-137, Bg kg™?), and the sampling area of the cor-
responding ecosystem element (S, m?): GFF, herba-
ceous vegetation, or organic/mineral soil horizon
according to the Eq. 1:

ACq 137 - My
DCs—137 = % (1)

The assessment of *3’Cs activity density in above-
ground woody biomass was carried out using a
regression model for tree-biomass estimation (t-ha™)
[16] and the previously identified relationships
between ¥’Cs activity concentrations in forest litter
layers and tree components (wood, bark, branches,
and needles/foliage) [12]. Measurement of *’Cs con-
tent in the fresh litter layer enabled the calculation of
its concentration in stem wood at the forest sites, after
which this radionuclide parameter was recalculated
for other tree organs using generalized ratios of the
studied radioisotope activity concentration between
the organs of pine and birch trees [12]. This approach
made it possible to determine the *’Cs inventory for
individual forest ecosystem elements and to estimate
its total activity within the investigated plots in
kBg m=.

Moisture content (o, %) of the collected combus-
tible material samples at each site was calculated as:

(M =My ) 100, )
my

w=
ry

where myer and mgry represent the fresh (immediately
after sampling) and air-dry weights of the sample (g),
respectively.

Additionally, based on the results of small-scale
fire experiments, the authors determined the percent
residual fraction of organic samples after combustion
by dividing the mass of combustible material remai-
ning after burning by its initial mass before combus-
tion and multiplying by 100.

Release factors of ¥’Cs activity from specific
combustible materials into the atmosphere (RFiuel, %)
and relative to the total radionuclide inventory in the
ecosystem (RFwwi, %) were evaluated using Egs. 3
and 4:

RFfueI — '%Kission 100, (3)

fuel

D
= RFfueI 'ﬂ’ (4)

total

RF,

total

where Acmission is the *Cs activity of smoke aerosols
deposited on the filter surface of the field-scale
combustion setup (BQ); Awe IS the radionuclide
activity in the combustible material before burning
(Bq): it is calculated as the sum of the radioisotope
activity in the burned remains of the biomass fuel, and
the activity deposited on the filter surface, and
separately on other surfaces of the aerosol sampling
system (Bq); Drwel is the 2*’Cs contamination density
in the ecosystem element used for experimental
combustion (kBgqm=2); and Dyt is the total ¥’Cs
contamination density for all ecosystem per unit area
(kBg m?).

In this article, the terms “release”, “emission”, and
“resuspension” are used interchangeably to describe
the same phenomenon and parameter. The primary
dataset containing '*’Cs activity measurements for
aerosols and combustible materials, including sup-
porting information for individual sample burning,
has been deposited in the Zenodo data repository
(https://doi.org/10.5281/zenodo.17991452) [17]).

3. Results and discussions

The main summarized parameter values for the fire
experiments conducted in this study are presented in
Table 2. The output data on *¥'Cs RFe during the
combustion of pine organic soil cover demonstrate
considerable variability even under similar conditions
(see details at https://doi.org/10.5281/zenodo.17991452)
[17]. For example, when burning the moss layer and
pine litter separately from Site 1, compared with the
combined undisturbed layers from Site 3 (previously
dried to an air-dry state), the obtained RFe values
differed by nearly one order of magnitude (see
Table 2). The probable reason for this phenomenon
lies in the markedly heterogeneous vertical distribu-
tion of *’Cs within the organic and mineral soil hori-
zons [12], as well as in differences in the applied
methodological approaches. At Site 1, sampling was
carried out layer by layer, and the remnants of mineral
soil in the humified litter layer were easily separated
after drying; therefore, inorganic soil inclusions had
little influence on the output values. In contrast, at
Site 3, all litter layers were collected together to pre-
serve the natural vertical distribution of the radio-
nuclide and moisture content, so the mineral soil
residues at the bottom of the litter layer were not
removed, since active separation would destroy the
native structural pattern of this forest component. It is
precisely at the “litter-mineral soil” boundary that the
largest portion of *¥'Cs activity is typically observed
in the Chornobyl landscapes (about 50% of the total
activity in forest ecosystems) [12, 18-20]. Therefore,
the inclusion of even a small fraction of upper mineral
soil can significantly reduce the $3’Cs RFe values, as
these mineral particles contain extremely high *¥’Cs
activity concentrations but do not participate directly
in combustion.
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Table 2. Main parameters of small-scale fire experiments on ¥’Cs emissions into the atmosphere
during the combustion of collected samples (see details at Zenodo repository [17])

) = ©
= 25 % 2 o
2 g g | BE 5 g5
zZ o = a2 we s o) = 'c
2 3 S8 EE 258 o 5 5 RFuel, % RFotal, %
& S s £ 22 bl 1 = Sc
3 S 5| 58 2 | Sz
o g2 S S'®
s s+ s a
) Total
Separation ggéiléll 40+1
. combustion iy GFF: . .
1 Pine for GEE and 3 GFF: 739 <1 2141 Total: Total:
forest I L: 63+14 i 0.60+0.35 | 0.053+0.043
itter layers F: 2584127 L: 1442
(L, F, H) H.' 4351311 F: 301
T H: 59+1
Pine Undisturbed
2. f litter layers 3 506+120 15-29* 47413 0.16+0.12 | 0.0046+0.0046
orest
(L and F)
Undisturbed
Pine GFF (moss)
3. forest and litter 4 89+13 5-13* 27+7 1.7£1.3 0.050+0.050
layers
(L and F)
Undisturbed
3. | Pine | GFF(moss) |, 18111 <1 4143 | 0.075:0015 | 0.011+0.004
forest and all litter
layers
Undisturbed
Birch GFF (grassy
4, f vegetation) 3 12744 <1 5143 0.15+0.05 | 0.0019+0.0016
orest :
and all litter
layers
Herbaceous
5. | Meadow | vea®iation 3 692 <1 1584 | 0.45:0.19 | 0.0068+0.0054
detritus
Green pine
Open- branches
6. | canopy | (branches 3 306+113 | 106-207 | 364 18.046.1 0.19%*
pine <lcm,
stands twins and
needles)

Notes. *The moisture content range in the collected forest litter layers. ** Calculated assuming a basal area of the pine
stand of 13.6 m? ha™* (corresponding to a relative stocking of 0.9), which represents a fully developed forest stand. For the
existing low-density stand at Site 6 (1.3 m? ha™), no data on stand biomass is available in the handbook references [16].

Separate combustion of moss and litter layers
from Site 1 clearly shows that the proportion of *¥’Cs
RFwe decreases with the burning of deeper layers
(Fig. 3, a). Fresh litterfall exhibited the highest levels
of radionuclide release (AM = SD :5.0 = 2.4 %), fol-
lowed by the moss cover (3.3 + 1.0 %), whereas the
humified layer was characterized by the lowest values
(0.19 £ 0.19 %). Moreover, suppose the layers were
hypothetically burned from the surface down to the
mineral soil: by the same emission coefficients for

each layer as obtained from the separate combustions.
In this case, the generalized value of this parameter
decreases sharply once combustion reaches the humi-
fied litter layer (up to 0.60 + 0.43 %) (see Fig. 3, b).
When the humified layer is omitted, the RFe value
increases to 1.8 + 0.8 %, which closely corresponds
to the values obtained for undisturbed samples from
Site 3 (1.7 £ 1.0 %) that combined the moss cover
(GFF) with the fresh litterfall (L) and fragmented (F)
litter layers at moisture contents of 5-13 %
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Fig. 3. ¥7Cs release factors for the separate combustion of GFF and pine litter layers (L, F, H) (a)
and the recalculated values for their combined burning along the vertical profile down to the mineral soil horizon (b).

(see Table 2). Thus, although the majority of ¥'Cs
activity in forest litter is localized in the lower
humified part (about 70-90 %) [12, 18-20], the
results of this study indicate that the upper layers are
the primary source of cesium radioisotope release into
the atmospheric air during combustion, even under
conditions of extreme drought. According to the
calculations for Site 1, the distribution of emitted
187Cs activity is as follows: moss (GFF) — 39 + 13 %,
fresh litter (L) — 14 £7 %, fragmented litter (F) —
24 + 20 %, and humified litter (H) — 23 + 23 %.

The results obtained from burning of undisturbed
pine litter (L and F layers) with different moisture
contents were quite predictable (see Table 2, rows 2
and 3): increasing moisture led to a reduction in **¥’Cs
release into the air (RFswer) and to an increase in the
mass of unburned residues. According to field mate-
rials, when samples with moisture levels of 5-9 %
and 15-29 % were combusted, the radionuclide emis-
sion in the latter case was nearly an order of magni-
tude lower, while the mass fraction of GFF and litter
residues after combustion was 1.5-2 times higher.
Simultaneously, when burning green pine branches
with moisture exceeding 100 % (see Table 2, row 7),
187Cs emissions in one of the experiments reached the
highest observed value (24 %). This indicates funda-
mentally different mechanisms of radionuclide
release during the combustion of forest litter versus
green branches. The most likely reason for this
enhanced volatilization of the radioisotope from
“living” vegetation organs is that **’Cs is predomi-
nantly present in a soluble form within intracellular
moisture [21, 22], which readily evaporates when

heated by an open flame. This phenomenon was
observed only in the present study, as a detailed
review of the scientific literature did not reveal any
descriptions of a similar process. Therefore, further
studies are required to confirm this observation. Even
though the proportion of studied radionuclide loca-
lized in pine crowns is relatively small (maximum
values reach only about 5 % of the total **’Cs inven-
tory in forest ecosystems [12]), crown fires in pine
forests of the CEZ can nevertheless be considered one
of the major contributors to the *’Cs resuspension
into the atmosphere and its long-distance transport
from the areas of primary radioactive fallout in 1986.
Moreover, under natural wildfire conditions, the com-
bustion of pine crowns likely occurs at substantially
higher temperatures and for a longer duration than in
our experimental setup, which probably leads to even
greater fractions of radionuclide release in aerosol
forms.

Fire experiments involving the combustion of
undisturbed above-ground layers of moss/grass vege-
tation and litter/detritus from different landscape
types under air-dry conditions showed that the pro-
portion of ¥'Cs activity emitted from the samples
exhibited an increasing trend along the sequence: pine
forest — birch forest — meadow (see Table 2: 0.075 %
—0.15 % - 0.45 %, respectively). However, when the
calculated RFge values were multiplied by a
weighting coefficient representing the sample mass
per unit area (see Table 2, column 5), the significant
differences between the resulting indicator values for
the compared ecosystems disappeared. This effect
arises because, within this landscape sequence, the
inventory of combustible materials at the study sites
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is inversely related to the magnitude of *Cs RFye.
Consequently, if the organic materials at all plots had
comparable average radionuclide activity concentra-
tions, their 3’Cs resuspension would be expected to
have similar levels. For this reason, the results of this
study suggest that, despite the high litter stocks in
pine forests, the other ecosystem types examined here
“compensate” for the lower biomass through propor-
tionally higher fractions of radionuclide activity
emission during combustion. Thus, in terms of the
potential proportion of ¥'Cs release from biomass
fuel, the examined ecosystems can be considered
broadly equivalent.

A comparison of the RFs. values obtained in this
study with those reported earlier shows that, in prin-
ciple, the results for pine forests are consistent with
earlier estimates of *'Cs release during real wildfires
in the most contaminated areas of the CEZ. Previous
publications generally reported emissions of about 2—
4 % [8, 9], which corresponds to the values calculated
for the upper layers of forest litter and moss that were
combusted in our experiments. However, some con-
tradictions remain. In the work of V.I. Yoschenko et
al. (2006) [9], the calculated RFe for the meadow
area (up to 0.5 %) was lower than that for the pine
forest. Although this value is comparable to the
output data of our measurements for meadow
(0.45 £ 0.15 %), it does not support our observation
that undisturbed forest litter in pine stands exhibits
substantially lower emissions (0.075 £ 0.015 %) than
meadow fuel. This discrepancy is likely caused by
differences in sampling methodology, which plays a
crucial role and can substantially influence the resul-
ting resuspension values, as noted earlier in the first
and second paragraphs in the Results section of this
paper.

It should also be emphasized that previous studies
conducted under laboratory conditions (where com-
bustion was sustained using external heating sources)
often reported *’Cs emissions from combustible
materials (litter, leaves, needles, branches) as high as
40-92 % in individual experiments [4-6]. These
values far exceed those obtained in any field-based
investigations, indicating that such laboratory results
must be interpreted with great caution, as they may
not adequately reflect real combustion processes
during wildfires. Simultaneously, natural or semi-
natural experiments such as this study involve large
uncertainties. In every such experiment, part of the
activity may be lost due to the ingress of smoke aero-
sols into the ambient atmosphere outside the filtering
system, and because it is practically impossible to
completely clean all internal surfaces of the sampling
system from deposited aerosols.

Despite extensive data on radionuclide release
from both field observations and laboratory research,

there is still a lack of sufficiently robust, large-scale
datasets collected under natural wildfire conditions.
Therefore, ongoing research in this field remains
crucial.

A review of several early scientific papers
assessing the resuspension of technogenic radio-
nuclide activity in the CEZ during wildfires shows
that many of them used clearly overestimated radio-
nuclide release rates. For example, the works by
N. Evangeliou et al. (2014, 2015, 2016) applied an
assumed emission value of 20 % for ®Sr and **'Cs
relative to the total soil contamination density: levels
that have never been observed under current environ-
mental conditions in the studied region [23]. The
selection of these values by the authors was likely
influenced by laboratory-based results that did not
incorporate empirical data on the combustion of
natural fuels under conditions approximating real
wildfires [4-6]. At the same time, a number of studies
focused on the large wildfires that occurred in April
2020 in the CEZ and adjacent territories during
drought conditions reported significantly lower and
more realistic ¥’Cs emission levels [3]. The ¥'Cs
RFwta for the most intense wildfires has been esti-
mated at approximately 0.01-0.4 %, based on the
results of various modeling approaches reported by
different researchers [3], as well as simple additional
calculations (dividing the total emitted radionuclide
activity by its gross inventory in the burned areas
during specific periods). The observations obtained in
this paper (see Table 2, last column) and in other
near-natural experiments also indicate that the ¥'Cs
EFa Value rarely approaches even 1 % of the gross
ecosystem inventory. Such elevated values would be
possible only under conditions of very high ¥’Cs
aggregated transfer factors from soil into plant bio-
mass and its subsequent substantial accumulation in
dead organic matter near the ground surface. This
situation can occur on poor sandy sod-podzolic soils,
which are common in the region and may store up to
35% of the total *’Cs inventory in pine litter [12]. As
demonstrated by the results of this investigation, a
similarly high release may also arise in forest ecosys-
tems with high biogeochemical mobility of the radio-
nuclide during crown wildfires in dense coniferous
stands.

The list of radionuclides present in the CEZ is not
limited to *’Cs; it is much broader, and their contri-
bution to biota exposure becomes significant near the
ChNPP. Empirical measurements of their activity
concentrations in the air during real wildfires have
shown that, nowadays, several of these radioisotopes
(primarily °Sr, 28-240py, and 2**Am) provide substan-
tially higher internal effective radiation doses for per-
sonnel directly involved in firefighting than =*’Cs [3,
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11]. At the same time, these radionuclides remain the
least investigated. Therefore, further research is
essential for the quantitative assessment of their
release during wildfires. However, such studies
require more advanced radiometric methods and
costly equipment, which makes them extremely diffi-
cult to implement at the necessary high international
level in Ukraine under current conditions without
external support.

4, Conclusions

The results of this study provide new empirical
observations on the fraction of *’Cs released from
combustible materials during burning under different
environmental and experimental conditions in various
Chornobyl landscapes. The combustion of individual
moss and litter layers obtained from pine stands
demonstrated a clear decrease in the proportion of
187Cs emission with increasing depth and degree of
decomposition within the organic soil horizon (from
5.0+ 2.4 %t00.19 = 0.19 %). Therefore, although the
humified (bottom) litter layer contains the largest por-
tion of the radionuclide inventory in forest litter (up to
70-90 % in pine stands) [12, 18-20], it did not exceed
the radionuclide release observed from the upper moss
layer and fresh litterfall under the near-natural combus-
tion conditions used in this investigation.

Fire experiments with mechanically undisturbed
above-ground fuel samples from sites representing
different landscape types (pine forest, birch forest,

and meadow), dried to air-dry conditions, revealed an
increasing trend in “*’Cs release from pine stands
(0.075 + 0.015 %) toward grasslands (0.45 = 0.19 %).
However, when differences in fuel mass per unit area
were taken into account, these trends remained but
were no longer statistically significant. Thus, the
above-ground combustible materials of the studied
ecosystems can be considered broadly comparable in
their potential to the radioisotope activity release
under similar activity concentrations. Although
increasing moisture content in pine litter clearly
reduces radionuclide resuspension, the combustion of
fresh green (live) pine branches, characterized by
very high moisture content in crown tissues
(106-207 %), simultaneously exhibited unusually
high *¥’Cs emissions (up to 24 %). This phenomenon
has not been previously described in scientific
publications.

A comparison of the existing near-natural experi-
mental results with earlier modelling research demon-
strates that many of the latter substantially overesti-
mated real radionuclide RF [23], likely due to the
use of laboratory-based combustion scenarios that do
not reflect natural wildfire conditions [4-6]. More
recent simulation studies and field-based observa-
tions (including the results of this investigation) indi-
cate that ¥'Cs RF during wildfires in the CEZ
typically ranges between 0.01 and 0.4 %, and would
achieve 1% of the gross ecosystem inventory only
under exceptional circumstances.
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BUKUJ ®'Cs IIJ] YAC 3rOPSTHHS TOPIOUUX MATEPIAJIIB 3A PI3HUX YMOB
HA PAJIOAKTHUBHO 3ABPYJJHEHUX 3EMJIAX

JlanamadTHI moxesxi Ha palioaKTUBHO 3a0pyAHEHNX TEPUTOPISX MIBHIYHOT YKpaiHH iHTCHCH]IKyBaIiCs 3a OCTaHHE
JECSITIIITTS, 10 BUKIUKAE 3aHETIOKOEHHS MO0 PECYCIHEH31] TEXHOTeHHNX PaIioOHYKIIidiB, B TOMY YHCIHI 137Cs. Hesga-
JKAIOUM Ha YWCIIEHHI JOCIHIIHKEHHS 3 [BOTO aCMeKTy, eMIpUYHi JaHi MO0 BHKHIIB PaXiOHYKIiAIB MPH CHAIIOBAHHI
TOPIOYMX MaTepialiB B yMOBaX, HaONMIMKEHWX OO MPHUPOIHMX, 3aTUIIAIOTHCS (PparMeHTaTUBHUMH. 3a pe3ylbTaTaMu
IIFOTO JOCIIKEHHS OTPUMaHi HOBi CIIOCTEPEKEHHS MO0 BUKUIY 187Cs miy yac 3ropsHHS MOXY, TPaB’THHCTOI POCIIHH-
HOCTI, IapiB JIICOBOI MiICTHIIK! Ta 3eeHNX (KUBUX) TiIOK COCHH, 3i0paHMX Ha IIECTH AUISTHKAX Y 30HI BiqIy>KEHHS, 10
MIPECTaBIIOTh COCHOBI Ta 6€pe30Bi JTicH, a TAKOXK JIyKH.

BHKOPHCTOBYHOUH CIIENiaIbHO CTBOPEHY CHCTEMY a€P030JIbHOT (PiNbTpaltii, 6yJ10 KilbKiCHO OlliHEHO akTUBHICTH 1¥'Cs
y IMMOBHUX a€pO30JIsIX 1 BU3HAYEHO HOT0 4acTKy BUKUAY BiJTHOCHO aKTHBHOCTI y CIIaleHOMY MaTepialli, TaK i 3arajJbHOro
3amacy Ha 3aKJIaJieHuX AISTHKaX. BUXiJHI po3paxyHKH Jaiu 3MOTY 1IeHTH(IKYBAaTH 3aJI€XKHICTh BEIMYUHUA BUKHIY
panioizoToIy BiJj BEPTUKAJILHOTO PO3MIIEHHS 1Iapy B Mpodili COCHOBOT MiACTHIKY MPH IX PO3AUILHOMY CIIANIOBaHi,
BOJIHOYAC BEPXHI MIapy (MOX i CBKHMI Omnaj[) Mayi OUIbIIMK BHECOK y BUKHUJI aKTUBHOCTI PaiOHyKJIi1a, HE3BAXKAI0OUH Ha
MeHuTy akTuBHIicTh *3'CS mOpiBHAHO 3 raubummnM, rymidikoBanuM mapoM. 30inbIeHHs BMicTy BosiorH (3 5-13 % 10
15-29 %) cyTTeBO 3MEHIIMIIO PiBEHb eMICil PaiOHyKIIi/a 13 COCHOBOI MiACTHIIKK (MPUOIM3HO HA OJJUH MOPSIIOK), TOI
SK TOPiHHS 3€JIeHNX COCHOBHX T'iJIOK i3 BMicToM Boau moHax 100 % Many HecnodiBaHo BHCOKi BUKUAM °'CS (110 24 %).
CepenHbO3Bake€Ha YacTKa eMicii pamioi3oTomy 3pocTajia y IOCIHiOBHOCTI: COCHOBHH Jic — Oepe3oBHH JIiC — IyT
(0,075-0,45 %) s MexaHIYHO HETIOPYIIICHUX 1 MOBITPSIHO CYXHX IMOBEPXHEBUX IAPiB MOXOBOT/TPaB’THOT POCIMHHOCTI
Ta MiICTHIKN/ICTPUTY.

Orpumani koedimientn Bukuay *Cs BifIHOCHO 3arajbHOi aKTMBHOCTI Ha JIOCHI/PKYyBAaHHX JISHKAX MEPEBAKHO
Y3TOJUKYIOTBCSI 3 EMIIIPUYHIMH OLIIHKAMH Ta 3MO/IEIbOBAaHIUMH pe3yJIbTaTaMH JIiICOBUX Mosxex HaBecHi 2020 p. B HopHo-
OMIBCHKil 30HI BITUY>KEHHS, Jie 1€l NMoKa3HUK ouiHtoBaBcs B Mexax 0,01-0,4 %. 3i0paHi y 1OCiiPKEHHAX MaTepianu
cBiuath, mo BukuaM *2'Cs 'y 4opHOOUIBCHKMX JanamadTax HaBps 4u nepesumars 1 % Bij 3aranbHOrO 3amacy B €Ko-
cUCTEeMax, HaBiTh Mijl Yac MacCIITAOHUX JIICOBHX IOXKEK.

Kouosi croea: paiioHyKIIiJ, aep030Jib, EMICis, JIICOBI TIOXKEXKi, TOPIOYi MaTepiaiu.
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