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Radioactive contamination in Ukraine, Belarus and Russia after the Chernobyl accident left large rural and forest
areas to their own fate. Forest succession in conjunction with lack of forest management started gradually
transforming the landscape. During the last 28 years dead wood and litter have dramatically accumulated in
these areas, whereas climate change has increased temperature and favored drought. The present situation in
these forests suggests an increased risk of wildfires, especially after the pronounced forest fires of 2010, which
remobilized Chernobyl-deposited radioactive materials transporting them thousand kilometers far. For the
aforementioned reasons, we study the consequences of different forest fires on the redistribution of 137Cs.
Using the time frequency of the fires that occurred in the area during 2010, we study three scenarios assuming
that 10%, 50% and 100% of the area are burnt. We aim to sensitize the scientific community and the European
authorities for the foreseen risks from radioactivity redistribution over Europe. The global model LMDZORINCA
that reads deposition density of radionuclides and burnt area from satellites was used, whereas risks for the
human and animal population were calculated using the Linear No-Threshold (LNT) model and the computer-
ized software ERICA Tool, respectively. Depending on the scenario, whereas between 20 and 240 humans may
suffer from solid cancers, of which 10–170 may be fatal. ERICA predicts insignificant changes in animal popula-
tions from the fires, whereas the already extreme radioactivity background plays a major role in their living
quality. The resulting releases of 137Cs after hypothetical wildfires in Chernobyl's forests are classified as high
in the International Nuclear Events Scale (INES). The estimated cancer incidents and fatalities are expected to
be comparable to those predicted for Fukushima. This is attributed to the fact that the distribution of radioactive
fallout after the wildfires occurred to the intensely populated Western Europe, whereas after Fukushima it
occurred towards the Pacific Ocean. The situation will be exacerbated near the forests not only due to the
expected redistribution of refractory radionuclides (also trapped there), but also due to the nutritional habits
of the local human and animal population.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The accident in Chernobyl Nuclear Power Plant (CNPP) in 1986
resulted in the release of over 10 EBq (×1018 Bq) of fission and activa-
tion products from the damaged Reactor 4 (De Cort et al., 1998). Around
2 EBq – the most refractory (144Ce, 141Ce, 106Ru, 140Ba, 95Zr, 99Mo,
238–241Pu, 241Am etc.) – was deposited in the 30 km vicinity of the
power plant (Hatano et al., 1998) known as the Chernobyl Exclusion
Zone (CEZ, 25°–31°E and 48°–52°N), between 29°–31°E and 52°–54°N
(Gomel, Belarus) and between 33°–40°E and 52°–54°N (Russia)
(De Cort et al., 1998). The rest (137Cs, 90Sr, 134Cs, 131I and noble gases)
u Climat et de l'Environnement
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angeliou).
flew and fell over the rest of the world according to the prevailing
meteorological conditions.

Since then, the landscape in these areas has changed. Gradually, as
no one was able to cut saplings and cultivate fields anymore, natural
ecological succession began transforming these regions. The forests
that covered 53% of the area before the disaster cover more than 70%
15 years later (IAEA, 2001). Stands dominated by Scots pine have
taken over pastures, where farmers used to grow wheat and flax,
and open patches (studded with young pines and birches) have
overwhelmed the areas. Nowadays radionuclides have migrated into
the forest soil and basically stayed there. It has been reported that 90%
of 90Sr has been found in the top 10 cm of the soil in the Red Forest
(IRL, 2013), whereas around 80% of 137Cs is in the top 5 cm in the
adjacent areas (Yablokov et al., 2009). Trees, grasses, other plants, and
fungi trap radionuclides during their basic life cycle. During transpira-
tion (release water), the plant draws more water up from the roots.
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Conservative salts of cesium and strontium, which are chemical analogs
of potassium and calcium, respectively, substitute these crucial nutri-
ents. The needles then fall to the ground, becoming part of the “litter”
(the vegetation that covers the forest floor) and returning radioactive
salts to the top layer of the soil. Without the trees or other permanent
groundcover, contaminants would migrate away, blown in dust or
carried by water.

There has hardly been any forestry activity in the CEZ and similar
restricted access areas since 1986, except for clearing of areas near
roads. The areas are populated by CNPP workers, police servants, as
well as some locals, who refused to evacuate their houses after the
disaster and live cultivating the land. Thus, there has been continuous
accumulation of dead wood and other plant material since 1986. This
effect of accumulation of dead plant matter is exacerbated by dramati-
cally reduced decomposition of biological material in contaminated
areas (Mousseau et al., 2014). As a result, there is an increasing frequency
of fires in the region. For example, MODIS (Moderate Resolution Imaging
Spectroradiometer) satellite showed 54 fires in contaminated areas in
2010 andmore than 300 in other areas.Most of thesefires are agricultur-
al ones, as farmers habitually light them on their fields to burn weeds,
potato stems and other plant material, and such fires can lead to uncon-
trolled forest fires. In addition, many fires in contaminated areas may be
due to natural causes such as lightning. Climate near CNPP has become
increasinglywarmer in spring and summer since 1990, and precipitation
has been stabilized or slightly decreased during the same period
(Evangeliou et al., accepted). This wasmost pronounced during July–Au-
gust 2010, when temperatures exceeding 40 °C accompanied many
weeks without precipitation. With the projected increase in CO2 and
other greenhouse gases suggested by the Intergovernmental Panel on
Climate Change models (e.g. IPCC, 2013), the occurrence of exceedingly
warm and dry summers is expected to increase.

All organic materials in contaminated areas contain radioactive
material, and hence any fire will disperse radionuclides in a way that
will depend on surface heat flux released by the fire, prevailing wind
and precipitation patterns particularly during the summer months
July–August, when the risk of fire is higher. The spatial distribution of
radioactivity is currently well known either from measurements
(e.g. De Cort et al., 1998; Kashparov et al., 2003) or modeling (e.g.
Brandt et al., 2002; Evangeliou et al., 2013a). Recent studies have
shown significant migration of radionuclides from the exclusion zone
towards Kiev (MUEAPPCCC, 2008). There is also considerable evidence
of firewood use for cooking and heating in private houses causing
considerable levels of radioactivity indoors (Dancause et al., 2010).
Likewise, burning of dried potato stalks during fall increases radiation
levels in fields many times higher comparing to the contamination
from the original catastrophe in 1986 (Dancause et al., 2010).

This paper presents three different scenarios of forest fires:
(a) minor fires that cover 10% of the forests in Ukraine, Belarus and
Russia, which can be extinguished by humans, (b) intermediate fires
that affect 50% of the same forests, and (c) a worst case scenario, in
which the entire area is affected by fires. We study how the aforemen-
tioned forest fires (from now on 2010_scenario_10, 2010_scenario_50,
2010_scenario_100) may redistribute radioactive materials over
Europe. The temporal variability of these fires has been adopted from
MODIS for the fires of 2010 that were the most severe events of the
last decade. More specifically, we keep the timeline of fires in these
forests as in 2010 and assume that more pixels (larger surface) are
burnt covering 10%, 50% and 100% of the forest area. Small fires occur
on a regular basis in these areas, and the rudimentary fire extinguishing
equipment available is of a magnitude that may allow termination of
such fires. Intermediate fires covering 50% of the area have not
happened yet, but are certainly a possibility, especially given the exten-
sive forest fires during summer 2010. Once a fire is so large that
it cannot readily be extinguished by local equipment, there is the
potential for a large-scale fire that cannot even be extinguished by aerial
firefighting and other large equipment. Given the socioeconomic
situation in Ukraine and the crisis on the political relationships with
Russia (which would be expected to provide assistance in case of an
emergency), a scenario of a wildfire becomes a possibility. We study
the redistribution of 137Cs under these three scenarios, a radionuclide
of major concern, due to its half-life (30.2 years), the radiation type it
emits during its radioactive decay and its bioaccumulation by organisms
(chemical analogue of potassium with high mobility in biological
systems, Woodhead, 1973). Besides, it constitutes the global fallout
after a major nuclear incident and is transported over long distances.
We predict the public health consequences of forest fires and the conse-
quences for animals and plants. Because the public health consequences
of radioactive contamination are so disputed, we make direct estimates
of the effects of forest fires on public health (using the Linear No-
Threshold model) or animals and plants (using the ERICA Tool).
Concerning organisms, we discuss the results of the tool in comparison
with the evolutionary observations reported by Møller and Mousseau
(2006), who have already quantified the relationship between species
richness and abundance, respectively, and level of background radiation
for radioactively contaminated areas in Ukraine, Belarus and Russia.

2. Methodology

2.1. Model characteristics, emission factor and injection heights

The aerosol module INCA (INteractions between Chemistry and
Aerosols) is coupled to the general circulation model (GCM), LMDz
(Laboratoire de Météorologie Dynamique), and the global vegetation
model ORCHIDEE (ORganizing Carbon and Hydrology In Dynamic
Ecosystems Environment) (LMDZORINCA) (Szopa et al., 2012). Aerosols
and gases are treated in the same code to ensure coherence between gas
phase chemistry and aerosol dynamics, as well as possible interactions
between gases and aerosol particles. The standard model horizontal
resolution is 2.50° in longitude and 1.27° in latitude. However, the
GCM also offers the possibility to zoom over specific regions by
stretching the grid with the same number of grid-boxes. In the present
study the zoom versionwas used to simulate fires in Europe achieving a
resolution of 0.45° × 0.51°. On the vertical, the model uses sigma-p
coordinates with 19 levels extending from the surface up to about
3.8 hPa corresponding to a vertical resolution of about 300–500 m in
the planetary boundary layer and to a resolution of about 2 km at the
tropopause.

Each simulation lasted until the end of the year, which is a sufficient
period for most 137Cs to be deposited as seen from the Chernobyl and
Fukushima accidents (Brandt et al., 2002; Paatero et al., 2012).
LMDZORINCA accounts for emissions, transport (resolved and sub-
grid scale), photochemical transformations, and scavenging (dry depo-
sition andwashout) of chemical species and aerosols interactively in the
GCM (schemes are described in detail in Evangeliou et al., 2013a).
Several versions of the INCA model are currently available depending
on the envisaged applications with the chemistry-climate model. The
model runs in a nudged mode (using the ERA40 Re-analysis data —

6 h wind fields, ECMWF, 2002) with a relaxation time of 10 days for
the regular grid, whereas for the zoom version relaxing to 4.8 days in
the center of the zoom and to 10 days outside (Hourdin and Issartel,
2000). Cesium-137 was inserted as an inert tracer within the model
and mostly behaves as an aerosol and as such it is treated in the
model (Ritchie and McHenry, 1990; Yoschenko et al., 2006).

An important factor in our simulations was the emission factor of
137Cs after a fire event, namely the fraction that will be emitted
compared to what is present on the ground or in the biomass.
Yoschenko et al. (2006) reported that this fraction is 4% conducting
fire experiments in Chernobyl (small, controlled fires) and measuring
budgets. Amiro et al. (1996) found that the emission factor ranges
between 20 and 100% depending on the temperature of burning of
straw, pine and aspen. Horrill et al. (1995) performed experiments for
heather burning and found that 10–40% of 137Cs would be emitted
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after heather fires depending again on the temperature (12% after a cool
burning and 39% after a hot burning). Finally, Piga (2010) performed
similar fire experiments in an artificial experimental site using contam-
inated wood as fuel finding a redistribution of approximately 10% for
137Cs. Beyond biomass, the fate of 137Cs deposited in the soil and how
muchwould escape to the atmosphere after afire event are ofmajor im-
portance. Cesium-137 is accumulated in the top-soil layer (Yablokov
et al., 2009) and remains there for many years (presenting small
migration velocities, Lujanieneo et al., 2002). It presents a low boiling
point (669 °C) and it is lost in the smoke even when located in the
soil through volatilization. Paliouris et al. (1995) showed that the
redistribution from soil is more than 20% in North American boreal
forests.

No available measurements of radioactivity in biomass all over the
contaminated forests of Ukraine, Belarus and Russia exist, except for
few scattered measurements. Therefore, we assume that each pixel
consists of biomass available to be burnt and that 137Cs is deposited
within the biomass. We expect that the assumption of the whole pixel
filled by biomass is more or less accurate, as, according to Yoschenko
et al. (2006), Amiro et al. (1996), Horrill et al. (1995), Piga (2010) and
Paliouris et al. (1995), 137Cs will be redistributed in the atmosphere no
matter if it is deposited in soil, biomass or vegetation. We account
for a relatively conservative emission factor of 137Cs (40% of what is
deposited will be re-emitted), despite that this portion may rise up to
100% (in high temperatures of a wildfire).

Injection height also appears to be a key agent that controls
transport and final deposition of radioactive material redistributed
from fires. The 2010 fires in Belarus, Ukraine and Russia showed that
the maximum injection height was 3–5 km (Evangeliou et al.,
accepted). In addition, Sofiev et al. (2013) published global maps of
emission heights of wildfires that occurred between 2000 and 2012
finding that more than 20% of the smoke was emitted above the
boundary layer (~800 m in Chernobyl and Belarus) in Ukrainian and
Belarusian forests. However, those fires were of average intensity and
started for agricultural purposes. In the present paper, the goal is to
study wildfire scenarios. It is well known that crown fires generate
sufficient energy to loft smoke plumes above the boundary layer
(Lavoue et al., 2000). Case studies have shown that smoke from large
fires can be injected to stratospheric altitudes by supercell convection
(Fromm and Servranckx, 2003; Fromm et al., 2008). Therefore, in the
three scenarios presented here, we account for two different injection
patterns: (a) with a maximum injection height at 2.9 km, and (b) at
6.0 km, with 40% of the smoke to be emitted in the free troposphere
in both cases. The vertical profile has been adopted from the PRM2
(Plume Rise Model, Paugam et al., 2010) by computing the mean verti-
cal mass profile and applying it to the fire emissions of 137Cs.

The spatial deposition density of 137Cs (Bq m−2) in these forests
(known either from measurements or from modeling) is multiplied
with the burnt area (m2) from MODIS and the emission factor (40%),
in order to estimate 137Cs emissions after fires. The frequency of the
forest fires (timeline) was kept as in the fires of 2010 and the model
(LMDZORINCA) was programmed to burn more pixels than the orig-
inal fires of 2010 representing a surface area of 10, 50 and 100%
(2010_scenario_10, 2010_scenario_50, 2010_scenario_100) of the
radioactive forests of Ukraine, Belarus and Russia.

2.2. Dosimetric calculation for human and non-human biota

Dosimetric quantities are needed to assess human radiation
exposures in a quantitative way. The International Commission on
Radiological Protection (ICRP) provides a system of protection against
the risks from exposure to ionizing radiation, including recommended
dosimetric quantities (Pentreath, 1980). The dosimetric scheme for the
calculations of human dose rates was adopted from the WHO (2012)
report on Fukushima and includes the most updated approached
on dose calculations. External doses from radionuclide deposition
represent a significant long-term exposure pathway; hence they were
integrated over the first year for Europe. In the present study, the
external effective dose from 137Cs deposition on the ground was
calculated, together with the external effective dose from the presence
of 137Cs in the radioactive cloud (air-submersion) and the internal
effective dose from inhalation of 137Cs for the different fire-scenarios
studied. In addition, an ingestion contribution of 7% was assumed
given the recent experience in Fukushima (Evangeliou et al., 2013b).
For the respective doses after the Chernobyl accident only deposition
was taken into consideration.

Since the Chernobyl accident, a great challenge in radioecology
has been the development of a tool that will be able to record and as-
sess the changes in the population of non-human biota due to effects
from ionizing radiation. For this reason, a supporting computer-
based software (the ERICA Tool) has been developed (Brown et al.,
2003; Larsson, 2004), which guides the user through the assessment
process, recording information and decisions and allowing the
necessary calculations to estimate risks to selected animals and
plants (Larsson, 2008). The results can be put into context using in-
corporated databases on dose effects, relationships and background
dose rates. In the present assessments the Tier 2 scheme was used
for dose rate calculations from 137Cs to the terrestrial reference
organisms, namely amphibians, birds, bird's eggs, detritivorous
invertebrates, flying insects, gastropods, grasses and herbs, lichens
and bryophytes, mammals (deer and rat), reptiles, shrub, soil inver-
tebrates (worms) and trees.

2.3. Lethal and incidence risk calculation to humans from radiation cancer

The LNT-model of human exposure was used to calculate radiologi-
cal health effects, similar to the Chernobyl accident (EPA, 1999; ICRP,
2005). The model assumes that each radionuclide's disintegration has
the same probability of causing cell transformation, and that each trans-
formed cell has the same probability of developing a tumor. Although
the LNT-model has been employed extensively in radiation safety
(NRC, 2006; UNSCEAR, 2010), several arguments about its validity and
response at low doses still remain unresolved. Most of them provide
evidence that the risk might not be linear, showing a decreasing
or increasing trend, or being even hormetic (beneficial at low doses)
(e.g. Cuttler, 2010; Tubiana et al., 2009). This ismainly because epidemi-
ological studies have only considered doses above 100 mSv showing a
statistically significant increase in stochastic cancer risk, although at
doses below100mSv significance or lack thereof has not been observed.
On the other hand, supporters of the LNT-model claim that the difficulty
in attributing a small number of cancers to low doses does not necessar-
ily indicate an absence of risk (Hoffman et al., 2012).

A radiogenic cancer risk model defines the relationship between
radiation dose and the subsequent force of death (or incident) attribut-
able to that dose. Death risk is defined as an estimate of the risk to an
average member of the population of dying from cancer over its
lifetime. Incident risk is the risk of experiencing radiogenic cancer
during a person's lifetime, whether this cancer is fatal or not. Inhalation,
ground deposition and air-submersion exposure pathways were
considered for 137Cs and its decay product 137mBa, respectively
(ICRP, 1995). The excess lifetime cancer death and incident risk from
each exposure pathway (below for inhalation) were calculated by the
following equation (Ten Hoeve and Jacobson, 2012):

Rs ¼
X
i

X
j

Pij 1− exp − rs
X
t

IR Ai; j;t;s−At;d;0
� �� �" #" #( )

Eq: ð1Þ

where

Rs is the total number of lifetime cancer deaths or incidents due to
species s over all times t (life expectancy of the European population
is 75.1 years, UNPD, 2014) and grid cells i, j,
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Pij is the 2010 population in each grid cell i, j (NASA, 2013),
rs is the relative cancer death or incident risk coefficient for species s
expressed in units of Bq−1 (or m2 Bq−1 and m3 Bq−1 for ground-
level and external atmospheric exposure) from EPA (1994),
IR is the inhalation rate (17.8 m3 day−1, EPA, 1999),
Ai,j,t,s is the species' concentrations in each grid cell i, j at time t, and
At,d is the threshold concentration below which no visible effect oc-
curs (for the LNT-model is zero by default).

External ground deposition and external atmospheric exposure
were calculated using the same equation without the respective
internal rates (IR). The shielding effect inside structures was also
taken into account by assuming a 30% reduction in exposure from
particulate 137Cs and its decay product for 12 h each day when
people are assumed to be indoors (Price and Jayaraman, 2006). It
has been found that 137Cs resided in the atmosphere for 2–3 months
after large releases (e.g. Fukushima, Masson et al., 2011; McMullin
et al., 2012; Paatero et al., 2012). Therefore, external atmospheric
and internal inhalation exposures were negligible 3 months after
and only ground deposition exposure was significant the following
years.

Many researchers do not accept the LNT-hypothesis for risk assess-
ments, due to the lack of a threshold value, below which no visible
effects would be observed. For this reason, in the present risk assess-
ment we apply a DDREF (Dose and Dose Rate Effectiveness Factor) of
2 (EPA, 1999; UNSCEAR, 1993). In general, epidemiological estimates
of radiation-related overall and site-specific cancer risks (except for
leukemia) are statistically consistent with a linear dose–response
relationship (ICRP, 2005). For the same reasons that data restricted to
low doses tend to be uninformative about radiation-related excess
risk, this apparent linearity does not rule out, on statistical grounds,
the possibility of increased, decreased, or even no excess risk per unit
dose at very low doses. Therefore, the linear-estimated excess lifetime
risks are often divided by a DDREF at low doses and low dose rates as
a method to substitute the uncertain threshold.
3. Results

3.1. Transport and deposition of the radioactive fallout

The prevailing atmospheric concentrations of 137Cs during its
transport in the three wildfire scenarios (2010_scenario_10,
2010_scenario_50, 2010_scenario_100) can be seen in Fig. 1 for 8
August, where the maximum release in the middle of summer took
place. This was a result from several fires that occurred for two
almost consecutive months (8 July–17 August) inside contaminated
regions, due to an intense heat wave caused by atmospheric blocking
(Matsueda, 2011), which began in mid-June, intensified around 18
July and ended with a cold front passage in 18 August. Two maps for
each scenario are presented, due to the aforementioned different max-
imum injection altitudes at 2.9 and 6.0 km used in the model (Fig. 1).
The range of 137Cs activity concentrations in the atmospheric aerosol
in the first scenario (2010_scenario_10) is only significant mostly for
the local areas around the contaminated forests, when concentrations
are in the range of few tens of mBq per m3. This is not the case in the
most intense scenarios, where the plumes reach North Europe and
Central Russia with maximum concentrations up to three orders of
magnitude higher.

During the 11–21 July period, prior to the fire peak, air parcels
reaching Central Russia were generally from the north to west and
MODIS showed no significant fires in the vicinity of this transport
pathway. During 22–29 July winds reachingMoscow shifted southeast-
erly flowing over regions of significant fire activity. Then an increased
number of fireswith greater intensity occurred in the three radioactive-
ly contaminated forests and an anticyclonic pattern began to form,
which persisted at all pressure levels. Fires continued to be numerous
and intense. Air was circulated and re-circulated bringing 137Cs and
by-products from the wildfires. During 1–10 August, air generally
entered Moscow from the south going to the north and increasing
activity concentrations over Sweden and Finland. On the other hand,
137Cs injected at a higher pressure level was dispersed faster moving
to the south-east (across the Caspian Sea) (see Fig. 1). The beginning
of the post-fire period in 19 August coincided with the end of the heat
wave. Numerous fires in Eastern Europe were still detected by MODIS,
but the fires over contaminated forests had diminished except for two
incidents at the beginning of September and the end of October (Fig. 2).

Fig. 2 depicts the atmospheric burden of 137Cs in our simulations (for
the year 2010) and it is compared with Chernobyl and Fukushima
accidents as seen by the same model. At a first glance, the differences
in 137Cs transport, due to the two vertical schemes, seem to be insignif-
icant. Aside from the patterns of transport, found to be similar, the
longer residence of 137Cs in the atmospheric aerosol (as a result of a
release at a higher vertical level) causes an expected high dilution due
to the larger dispersion at longer distances. This is apparent in the
prevailing activity concentrations in Sweden and Finland that are one
order of magnitude higher when 137Cs is released at a lower altitude.
Fig. S1 (Supporting information— SI) depicts an example of the prevail-
ing activity concentrations of 137Cs on 30 April 1986 (Chernobyl), in
comparison with those resulting from the three scenarios (emitted at
maximum height of 6.0 km). Undoubtedly, in the first case, 137Cs
dominated atmospheric fallout with concentrations up to 6 orders of
magnitude higher than those presented in the fire scenarios. Neverthe-
less, if half or all of the contaminated forests burned, concentrations in
the range of Bq per m3 could reach large populated centers, such as
Moscow, or cover all of Belarus. Fig. S2 (SI) shows how far from the
source the plume would reach for the different scenarios and injection
heights. Hence, North America would receive a bulk of 137Cs ranging
between 0.1 and 1 mBq m−3, whereas North Africa would experience
a maximum of 5 mBq m−3 and Central Asia one of up to 50 mBq m−3

(decreasing to the east). Just after Chernobyl, the activity concentrations
of 137Cs in New York were around 9.5 mBqm−3 (Feely et al., 1988) and
10 times higher in Canada (Joshi, 1987), whereas traces had been found
in Japan (Aoyama et al., 1986). In addition, from the recent accident in
Japan, the CTBTO (Comprehensive Nuclear Test Ban Treaty Organiza-
tion) reported 137Cs concentrations to be around 1 mBq m−3 in North
America, 3 orders of magnitude less in Africa and between 0.1 and
1 mBq m−3 in Central Asia (Christoudias and Lelieveld, 2013).

The cumulative deposition of 137Cs for the year of the simulations
(2010) and for the three fire scenarios with the emissions taking place
at 6.0 km can be seen in Fig. 3, whereas the extend of deposition can
be seen in Fig. S3 (SI). In Fig. 3 the cumulative deposition of 137Cs after
the Chernobyl accident can also be seen simulated by the same model
for 1986 adopted from Evangeliou et al. (2013a). Bergan (2000) in the
first complete study about ecological loss of 137Cs reported that “the
calculated effective half-lives of radiocesium in the surface soil layer
vary across the sites from 10 to 30 years which is equal to the physical
half-life of 137Cs”. Effective half-life of 137Cs combines its physical
decay and also its ecological half-life (which includes all environmental
removing processes, such as vertical migration, runoff to large reser-
voirs, soil erosion etc.). Therefore, the data in Fig. 3 have been corrected
for 2010 using an effective half-live of 137Cs of 10 years (Bergan, 2000).
Themap is used here to comparewhat is still deposited in Europe froma
massive deposition (Chernobyl), with the redistribution and deposition
of 137Cs after wildfires. Although smaller fires (such as those of 10% of
the contaminated area)might be extinguished byfiremen, intermediate
or largefireswould definitely behard tofight in the abandoned contam-
inated forests of Chernobyl, Belarus and Russia, where little forest
management occurs (Zibtsev et al., 2011). Our estimates show that
1 to 90 kBqm−2 can be re-deposited over Europe in one fire year affect-
ing an area of several million inhabitants. The highest deposition would
be observed in the pixels of the forests, where deposition is expected to



Fig. 1. Example of aerosol activity concentrations of 137Cs in ground-level air (mBqm−3) in Europe during the largest release (emissions for 10 consecutive days) on 8 August 2010 for the
three different fire scenarios (2010_scenario_10, 2010_scenario_50, 2010_scenario_100). Two different figures are presented for maximum injection at 2.9 and 6.0 km, respectively. The
blue dots represent the location of the metropolitan areas.
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exceed 5 kBqm−2. These amounts are somehow significant if one takes
into consideration that more than 3000 kBq m−2 (maximum values)
still exist around Chernobyl.

3.2. Dosimetric calculations and lifetime risks for the population

Another significant question that needs to be addressed is what the
increase of the dose-rate would be following the studied scenarios. We
provide effective dose estimations of the public resulting from exposure
in 2010 for the different fire scenarios (Fig. 4). Themethodology used to
calculate the doses relies on the most recent dosimetric and biokinetic
models for adults (although estimates on different population sub-
groups are possible). The dosimetric scheme considers all major routes
of exposure: (i) air-submersion, (ii) deposition and (iii) inhalation of
137Cs, plus a 7% contribution from the resulting presence of 137Cs into
different foodstuffs (ingestion). The assessment contains a number of
assumptions (e.g., fallout composition and dispersion, time spent
indoors/outdoors, and consumption levels). The cumulative effective
dose from exposure to 137Cs (for the first year) would be 0.0001 to
0.01 mSv in the first scenario, where 10% of the area burns mostly
affecting the adjoined areas, up to 0.05 mSv, if half of the contaminated
forests were burned and up to 0.1 mSv if the whole area was burned.
These values are below what happened after Chernobyl in Europe or
what has been remained from Chernobyl in 2010 (applying an effective
half-life of 10 years, Fig. 4). Moreover, only the extreme scenario affects
all Europe, whereas when 10 or 50% of the area burns, low contribution
to the western European countries can be seen.

The experience of Chernobyl and Fukushima accidents has shown
that the effective doses will decrease within the first year after a big
release mainly due to radioactive decay of short-lived radionuclides,
as well as due to the exponential decrease of the atmospheric burden
of volatile compounds (such as 137Cs), which in turn, will result in a
rapid decrease of the corresponding effective dose (inhalation and
air-submersion doses can be neglected the following years). In addition,
the dose from exposure to ground-deposited 137Cs is expected to
decrease during the following decade due to vertical migration into
the soil (Bunzl et al., 1992). The shielding effect of soil is an important
factor that will further reduce obtained doses the following years. For
example, about 30% of the effective dose has been estimated to decrease
during the first year, while about 70% during the first 15 years (Golikov
et al., 2002).

Chronic radiation exposures (occupational) are generally associated
with lower cancer risks than acute ones (accidents) for the same total
dose (Little et al., 2009). Good evidence for an increase in cancer risk



Fig. 3. Deposition density of 137Cs (Bq m−2) integrated for the year 2010 following the three fire scenarios (2010_scenario_10, 2010_scenario_50, 2010_scenario_100) for a maximum
injection height of 6.0 km. For comparison, the remaining 137Cs deposition in 2010 is provided simulated by the samemodel (adopted from Evangeliou et al., 2013a) applying an effective
half-life of 10 years(Bergan, 2000).

Fig. 2. Atmospheric burden of 137Cs (PBq) throughout the simulated year for the three scenarios (2010_scenario_10, 2010_scenario_50, 2010_scenario_100) and the two vertical param-
eterizations, with “low” denoting the lower level injection (2.9 km), and the rest was the highest one (6.0 km). For comparison, the same burden for the Chernobyl (1986) and Fukushima
(2011) accidents (adopted from Evangeliou et al., 2013a; 2014b) are also shown simulated by the same model, in order to highlight the magnitude of the emissions during the studied
scenarios.

351N. Evangeliou et al. / Environment International 73 (2014) 346–358



Fig. 4.Cumulative effective dose from 137Cs exposure in Europe for thefirst year following thefire scenarios. The effective dose fromdeposition exposure to the Chernobyl-remaining 137Cs
is also given (adopted from Evangeliou et al., 2013a). The white dots denote the location of the metropolitan areas.
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is shown for acute doses greater than 100 mSv, whereas chronic
exposures of this dose level present a much higher risk (Boice, 2012).
The linear dose–response relationship used here is a possible descriptor
of low-dose radiation oncogenesis, although different shapes may well
explain dose–response relations. About one fifth of people worldwide
and one third of people in heavy-industrialized regions are diagnosed
with cancer during their lifetime (IARC, 2008). Radiation can induce
cancers that are indistinguishable from cancers resulting from other
causes. Most population-based cancer risk estimates come from the
Japanese atomic bomb survivors, as well as from other sources of radia-
tion exposure, where useful epidemiological data are available (e.g. past
accidents, medical and environmental exposures). Nevertheless,
although a large number of solid cancers have been observed after
such exposures, the most frequent radiation-related cancer is leukemia
(Tsushima et al., 2012).

The excess lifetime cancer mortalities from 137Cs exposure after the
three scenarios (applying a DDREF of 2 in Eq. (1)) are depicted in Fig. 5
for the gridded population of 2010, together with the respective ones
just after the Chernobyl accident in 1986. The average life expectancy
in Europe is 75 years (OECD, 2012), and this valuewas used here.More-
over, we compare cancer risks from fires with the respective ones from
the remained deposited 137Cs assuming an effective half-life of 10 years
(Bergan, 2000). The pathways of deposition, air-submersion and inhala-
tion were taken into consideration, whereas food ingestion was
assumed to contribute around 7% (such as in the dose calculations)
to the total risk. For the risk calculations of the Chernobyl-remaining
137Cs over Europe, deposition exposure was only taken onto account.
It is evident that when 10 and 50% of the contaminated forests were
burned, very few deaths can be predicted (Fig. 5). More specifically,
1–4 deaths per pixel can be seen (0.45° × 0.51°) mostly around the
contaminated forests of Ukraine and Belarus, when 10% of the area
burns affecting Ukraine and Belarus, as well as Poland. On the other
hand, when 50% of the forests were burned, several central European
metropolises are affected including Kiev, Minsk, Warsaw and Berlin
(1–4 deaths per pixel). Finally, in an extreme fire-scenario the highest
risks for the capitals of Ukraine, Belarus and Poland are calculated,
while effects on the population of western European capitals may be
observed (Fig. 5).

3.3. Doses and observations on animal populations

The ERICA Tool was applied to the selected reference organisms of
the terrestrial ecosystem (amphibians, birds, bird's eggs, detritivorous
invertebrates, flying insects, gastropods, grasses and herbs, lichens and
bryophytes, mammals (deer and rat), reptiles, shrub, soil invertebrates
(worms) and trees). Fig. 6 (upper panel) depicts soil and air activity
concentrations of 137Cs at the surface of the contaminated forests aver-
aged every 5 days for the three fire scenarios, as well as for Chernobyl
and Fukushima. The horizontal black line denotes the background soil
concentration averaged for the contaminated forests of Chernobyl,



Fig. 5. Excess lifetime cancer mortality from all exposure pathways to 137Cs (air-submersion, deposition, inhalation and 7% contribution from ingestion). The same mortality rate is also
given for the Chernobyl-remaining 137Cs from deposition exposure only (correcting with an effective half-life of 10 years, Bergan, 2000) (adopted from Evangeliou et al., 2013a). All
rates have been applied to the European population of 2010 to obtain a number of individuals that are expected to die from cancer. The white dots represent the location of the
metropolitan areas.
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Belarus and Russia. Soil concentrations were calculated from deposition
densities provided by our model (Bqm−2) applying a conversion factor
of 228 kg m−2 based on 542 measurements of soil concentration and
deposition density in the CEZ and Belarus (Kashparov et al., 2003).
Soil concentrations calculated for the three fire scenarios were added
to the background soil average soil concentration estimated by the
same database (Kashparov et al., 2003) (Fig. S4). Hence, 5-day average
dose rates (μGy h−1) were calculated for the reference organisms
exposed to this environment. For comparison, the doses from the
Chernobyl and Fukushima accidents were also calculated (Fig. 6) for
the same organisms that are assumed to live in the contaminated for-
ests, as well as in the FEZ (Fukushima Exclusion Zone). The horizontal
line denotes the screening dose-rate limit of 10 μGy h−1.

Internal exposure had higher contribution to total doses in birds,
lichens and bryophytes, mammals (deer and rat), reptiles and shrubs,
while the opposite was found for the rest. Total dose-rates for the
selected reference organisms ranged from 0.5 to 5.3 μGy h−1, which
are below the screening dose of 10 μGy h−1 that could harm the
abundance of a population. These values are far below the doses that
the selected organisms would have selected during the accident of
Chernobyl in 1986 (2.7–24.5 μGy h−1) or the recent accident in Japan
(1.0–9.4 μGy h−1). It is noteworthy that even after Chernobyl, where
concentrations were orders of magnitude higher than those observed
during the three scenarios, absorbed doses exceeded screening value
only for lichens and bryophytes, mammals (deer and rat), reptiles and
shrubs, whereas invertebrates were slightly below the screening level.
In contrast, just after Fukushima only mammals and reptiles could
face significant danger.
4. Discussion

4.1. Are major fires in radioactively contaminated areas identical to
accidents?

The major question of this study is if an uncontrolled fire inside the
Chernobyl-contaminated forests of Ukraine, Belarus and Russia would
be likely to cause such a release that would be identical to a major
nuclear accident. According to Fig. 2, the releases of 137Cs, if 10% of the
area burned, would be 0.29 PBq (×1015 Bq), whereas if fires affected
half of the contaminated regions, it would be 1.6 PBq. Finally, for the
extreme wildfire scenario of the whole area burned, the overall amount
of 137Cs emitted in the atmosphere would be 4.2 PBq. These releases are
lower than those after accidents rated as 7 in INES (International
Nuclear and Radiological Event Scale, IAEA, 2013), such as Chernobyl
(85 PBq, De Cort et al., 1998), or the recent accident in Fukushima
(37 PBq, Stohl et al., 2012). However, they are at the same level or
higher than accidents rated as 6, such as the Kyshtym disaster, which



Fig. 6. Dose-rates received by selected reference organisms (5-day averages) that live and reproduce in the contaminated forests of Chernobyl, Belarus and Russia. The horizontal black
lines denote the screening dose-rate (below which no visible effects of radiation to reference organisms can be observed).
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resulted in the release of 13 TBq of 137Cs (×1012 Bq, Jones, 2007) or 5,
such asWindscale, which released 22 TBq of 137Cs (Cooper et al., 2003).

Of course, the significance of a radioactive release is not only based
on the release of one radioisotope, but also based on the total amount,
and how dangerous they are (e.g. type of emission during decay,
half-life). According to De Cort et al. (1998) 10.9 EBq (×1018 Bq) of
fission products were released after Chernobyl, of which 80% were
deposited in Europe. Thirteen out of nineteen radionuclides, which
were released in the range of PBq, presented half-lives from days to
2 years meaning that they have been lost due to decay nowadays.
From the remaining, four out of six are refractory elements (238–240Pu
and traces of 241Am) that have been “trapped” in the CEZ. The last two
are 137Cs (volatile element) and 90Sr, an element with intermediate
volatility, that present half-lives of around 30 years. According to
measurements (NRU, 2011) and our simulations, around 10 PBq of
137Cs and 5 PBq of 90Sr remain in contaminated areas. Taking into
account that most refractory elements constitute the local fallout and
therefore cannot go far, the most dangerous radionuclides are 137Cs
and 90Sr. This means that the aforementioned releases after a major
fire event in the contaminated forests of Chernobyl, Belarus and Russia
could reach an INES level of maximum 6, which can be considered a
serious accident (the INES scale intends to be logarithmic and each
level represents an accident approximately ten times more severe
than the previous level).

4.2. Is there a realistic risk for the European population?

In order to assess the importance and impact of the estimated doses
to humans, they are compared with exposures arising from other
sources. The United Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR) estimated the global average effective
dose per person from all natural and artificial sources of radiation in
the environment to be approximately 3.0 mSv per year (UNSCEAR,
2008a). About 80% of the annual radiation dose that a person receives
is due to natural radiation from cosmic rays, the earth, and naturally
occurring radionuclides in food and drink (2.4 mSv per year). Due to
geological differences, people may receive annual effective doses signif-
icantly higher than the global average. The most significant artificial
sources of human exposure are radiological medical investigations and
treatment (UNSCEAR, 2008b).

According to the dose calculation for the first year (2010), the
obtained doses from the contaminated forests fires in Chernobyl,
Belarus and Russia are higher that those obtained from a simplemedical
exposure (e.g., dental X-ray 0.005mSv or chest X-ray 0.02mSv) and can
be compared with those of cosmic rays after transoceanic flight.
However, the dose estimates might not reflect the overall situation
especially near the contaminated forests. This is because we do not
account for the long-lived radionuclides deposited there since Cherno-
byl. As mentioned previously, after the accident, the heavy debris
(consisting of transuranium elements) dominated the local fallout and
was deposited in the CEZ, as well as in parts of the Belarusian forests
(some kilometers north of the NPP), as a result of the heaviness of
elements such as 238–240Pu and 241Am. We expect that there must be
some contribution to the total dose from these elements, although
they cannot reach far. In addition, those doses reported here have
been calculated for the first year of the fire events (2010). This means
that the most severe exposure pathway (inhalation) will be negligible
in the following years (if no new fire events occurred). Nevertheless,
MODIS satellite has recorded an increasing trend of forest fires in
Chernobyl's forests showing that the redistribution of 137Cs will not
occur in only one year per lifetime of the population.

The question that now arises is how plausible it is for fire events to
occur inside contaminated forests. Evangeliou et al. (accepted) reported
the risk of wild fires in these forests. They found that vegetation type
distribution, interannual variation of different fuel amount and fuel
moisture content affect fuel continuity and the ability of a fire to spread
during a large event. The relationship between extreme fire years with
an increasing summer droughtmay potentially result inmore extended
burned areas. Grassland fields appear to be the most fire prone areas in
Eastern Europe, and forest patches large enough to carry out extreme
fire events. They showed significant forest extensions inside the
restricted regions since 1986, suggesting an increasing continuity in
forest patches and in turn large fire risk. Litter accumulation in the
contaminated forests has increased since 1986 as a result of radiation
levels that decrease plant decomposition rates (Mousseau et al.,
2014). Finally, some future projections of burned area and litter accu-
mulation presented in the same work suggest that intense fire years in
these forests are frequently expected (e.g. 2015–2025, 2037–2041,
2067–2100).

In certain cases, cancer mortalities from fires seem to be in the same
range as from the Chernobyl-remaining 137Cs. However, it should
be noted that for the calculation of the risk from Chernobyl the
pathway of ground-deposition has only been taken into account.
This is because air-submersion and inhalation exposures are negligible
(even one year after) and food-ingestion is well-controlled in Europe
nowadays (with the possible exception of some fruits). Internal
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pathways (inhalation and ingestion) are themost dangerous exposures,
although depositionmay play an important role as a chronic parameter.
The number of projected deaths (and cancer incidents, Fig. S5 — SI),
however, is still considerably smaller than the estimated ones for the
Chernobyl-remaining 137Cs (Fig. 5).

The total lifetime cancer incidents during the three studied fire
scenarios range between 23 and 238, of which 15–169 are expected to
be fatal. The same incidents and mortalities after Chernobyl are estimat-
ed to be between 5800 and 7300, whereas from the Chernobyl-
remaining 137Cs 348 and 285 (adopted from Evangeliou et al., 2013a) ac-
counting deposition exposure only. In addition, 290–810 incidents and
200–500 mortalities have been estimated from exposure to 137Cs after
the Fukushima accident (adopted fromEvangeliou et al., 2014b). Accord-
ing to OECD (2012), in 2010 there were 150–200 deaths from all cancers
per 100,000 individuals in Europe. This gives a total number of fatalities
between 1.1 and 1.5 million of fatalities. From a first look, the values
that resulted from the fire scenarios are somehow comparable to those
observed after Fukushima, although emissions from Fukushima were
1–3 orders of magnitude higher (Fig. 2). The main explanation is that
80% of the fallout after Fukushima was deposited in the oceans, with
the rest in continental areas. On the other hand, we estimate that more
than 90%of the fallout of 137Cs emitted after the three scenarioswillfinal-
ly be deposited in Eurasia (Fig. S2— SI). Finally, the exposure pathway of
inhalation, which contributes the most to the final risk, remains en-
hanced during thewhole year 2010, as a result of themultiplefire events,
which keep airborne 137Cs activity concentrations high over Europe.
Fig. 7. Comparison of the LMDZORINCAmodel was used to simulate fire scenarios with the calc
Ourmodel computed surface concentrations of 137Cs very efficient recording the arrival times of
with observations and with the modeling results reported by Strode et al. (2012).
4.3. Validation and uncertainties

In order to evaluate the response of ourmodel to such kind of hypo-
thetical emissions, we studied the fires of 2010 in all forests of Ukraine,
Belarus and Russia as they actually happened and recorded by NASA's
satellites. For this reason the area burnt was obtained from MODIS,
the deposition density of 137Cs was calculated from Evangeliou et al.
(2013a) correcting for an effective half-life of 137Cs of 10 years
(Bergan, 2000), whereas an emission factor of 40% was accounted for,
as in the fire scenarios. The results were compared with observations
from the CTBTO network (Dubna, Russian Federation and Yellowknife,
Canada) and modeling results reported by Strode et al. (2012). The
spaghetti plots of the comparison of the surface concentration of 137Cs
can be seen in Fig. 7. The normalized mean bias (NMB) of our model
(LMDZORINCA) was estimated to be 65%, in contrast to 42% estimated
for Strode et al. (2012). However, thepercentage of siteswith deviations
of the modeled concentrations from the observations less than a factor
of 2 was 56% using our model, whereas the same parameter was 50%
as reported in Strode et al. (2012) and the correlation coefficient of a
linear fitting was slightly improved (0.45). A Student's T-Test was also
performed to compare our results with those of Strode et al. (2012)
achieving a high probability (P≈ 1), which shows that the two datasets
cannot be distinguished. Small differences can be attributed to the
different methodology used to estimate surface activity concentrations
of 137Cs. Strode et al. (2012) simulated concentrations of 137Cs by
multiplying the modeled POM tracers by the ratio of 137Cs emission to
ulations of Strode et al. (2012) and CTBTO observations for the original forest fires of 2010.
the plume to each station and themainpeaks aswell, while high consistencywas achieved
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POM emission from biomass burning (=0.23 kBq kg−1) assuming that
particles containing 137Cs undergo the same transport and neglecting
radioactive decay. On the contrary, we usedMODIS area burnt, modeled
deposition densities of 137Cs in the area and an experimental emission
factor of 137Cs. Nevertheless, LMDZORINCA models reproduced well
the arrival times of the plume, the levels of surface 137Cs concentrations
and the major peaks. It is noteworthy that although fires of such large
extent as in the present scenarios have not been happened yet in
Chernobyl-contaminated forests, 2010 fires burnt 9% of the forest area
according to MODIS. Therefore, a study of these scenarios does not
necessarily constitute exaggeration, as it seems there is a certain possi-
bility for large fires to occur in the area.

The uncertainties of our estimations strongly depend on the meth-
odology used. Regarding MODIS area burnt, Urbanski et al. (2009)
reported that the uncertainty could rise up to 40% depending on the
pixel and time resolution, the fire size etc. In addition, although the
depositiondensity provided by the simulation of theChernobyl accident
(Evangeliou et al., 2013a) has been validated using the REM database
(De Cort et al., 1998), there is no unique study on effective half-life
variations in Europe that could certify that the value used here
(10 years) was realistic and represents all Europe. Moreover, the
emission factor of 137Cs is strongly dependent on the type of the fuel
and the prevailing temperature of the flame during a fire. Assuming
that the whole pixel is covered by biomass, the emission factor may
range from 20 to 100%. Hence, uncertainties can increase by up to
more than 50% in our estimations, which are propagated to the health
assessment of animal and human populations.

4.4. Environmental consequences

The environmental consequences of forest fires and the resulting
redistribution of radionuclides may also have implications for organ-
isms other than humans. Although the predictions based on the ERICA
Tool revealed elevated, but still relatively weak effects even under
worst-case scenarios, these effects may not be the whole story. Species
with high metabolic rates such as small mammals like rodents and
shrews and many birds may ingest disproportionately large amounts
of radionuclides (Møller and Mousseau, 2006). Organisms placed high
in the food chain accumulate large amounts of radionuclides with
effects that go beyond the direct effects of radiation (Møller and
Mousseau, 2008, 2009). A particularly dramatic example of indirect
effects of redistribution of radionuclides is the ability of many fungi to
concentrate radionuclides by several orders of magnitude (Møller and
Mousseau, 2006, 2011). Species that consume such fungi not only
insects, slugs and snails, but also larger species like roe deer and wild
boar have been found to have high dose levels even in areas far away
from Chernobyl such as in areas of Finland, Sweden and Norway and,
also, in Austria and Italy (Møller and Mousseau, 2013). Interestingly,
humans in contaminated areas around Chernobyl and elsewhere in
the region acquire a large fraction of their total exposure to radionu-
clides from consumption of fungi (Shuton et al., 1996). Thus, the effects
of bioaccumulation in humans may resemble the patterns observed in
roe deer and wild boar. Redistribution of radionuclides across Eastern
Europe and Russia might have their major effect not through exposure
to radiation from redistributed radionuclides, but through consumption
of fungi that constitute amajor stable of the human diet in these parts of
the world.

5. Conclusions

Forest natural succession in Chernobyl has been increased since
1986, as a result of the intense radioactive contamination and the subse-
quent evacuation of large areas mainly in Chernobyl (Ukraine) and
Belarus. Trees nowadays covermore than 70% of these areas, and taking
into consideration the predicted trends of climate change, increased risk
of wildfires can be concluded in these forests. In the present paper we
study the implications of such forest fires by examining three scenarios
in the Chernobyl-contaminated forests of Ukraine, Belarus and Russia:
(a) 10%, (b) 50% and (c) thewhole forest-area being affected by intense
fire events for the meteorological conditions and the temporal distribu-
tion of fires of the year 2010 (as recorded from MODIS). Fires of small
extent have already happened in the area (e.g. 2002 fires burnt almost
9% of these forests). With the projected climate change evolving in the
area and given the social and politico-economical situation in Ukraine
nowadays, extended forest fires pose as a realistic scenario.

According to our estimates, significant amounts of 137Cs can be
transferred to largely populated centers, especially in Central and East
Europe. It is noteworthy that 0.3 to 4.5 PBq (available at the forests of
Ukraine, Belarus and Russia) is expected to migrate over Europe after
only one massive year! Large fire events in contaminated forests may
not imply a “major nuclear event”, such as those of Chernobyl and
Fukushima, but they can be classified as “accident with local or wider
consequences”, or even as a “serious accident”, according to the predict-
ed emissions of 137Cs.

We estimate a number of excess lifetime cancer incidents to be
between 20 and 240 for the global population, of which 10–170 may
be fatal. These numbers are far lower than the obtained cancer cases
after Chernobyl, but somehow comparable to those obtained from the
deposition exposure to the Chernobyl-remaining 137Cs over Europe
and the total exposure after Fukushima. The last is attributed to the
fact that at least 80% of 137Cs from Fukushima was deposited in the
oceans, whereas the rest was over populated regions. However, those
risks are expected to be higher for the areas around the contaminated
forests. This is mainly explained by the existence of a highly radioactive
bulk of isotopes that have remained near the plant due to their refracto-
ry nature (e.g. isotopes of Pu and 241Am). If they were remobilized they
could reach population centers of central Europe affecting the locals.

Concerning living organisms in those forests, even at the worst-case
scenario, computerized tools predict weak radiation-related effects.
However, evolutionary biologists ring alarm bells for changes in local
organism populations of birds and mammals exposed to high radiation
since 1986. Nevertheless, the accumulation of radioactivity in certain
types of organisms (e.g. fungi) poses an additional, and also indirect,
risk for the local human population due to their dietary habits.

Finally, it should be pointed out that the three fire scenarios studied
here take into account a conservative approach on the redistribution of
137Cs (only 40% of what is depositedwill be emitted) and on its effective
half-life (which shows how much 137Cs is still present). However,
experiments have shown that these portions strongly depend on the
prevailing temperatures during a wildfire (and can reach 100%) and
specific ecological properties, respectively. This shows that up to more
than 10 PBq of 137Cs may be displaced doubling (or even more) doses
and radiation-related cancers over Europe.
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