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HIGHLIGHTS GRAPHICAL ABSTRACT

* The environmental effects of Chernobyl
and Fukushima are compared. # Chernobyl 52084

* Releases of radionuclides from Chernobyl
exceeded Fukushima by an order of
magnitude.

* Chernobyl caused more severe radiation-
related health effects.

* Overall, Chernobyl was a much more
severe nuclear accident than Fukushima.

* Psychological effects are neglected but
important consequences of nuclear
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Article history: The environmental impacts of the nuclear accidents of Chernobyl and Fukushima are compared. In almost every
Rece!ved 25 july 2013 respect, the consequences of the Chernobyl accident clearly exceeded those of the Fukushima accident. In both
Received in revised form 7 October 2013 accidents, most of the radioactivity released was due to volatile radionuclides (noble gases, iodine, cesium,
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tellurium). However, the amount of refractory elements (including actinides) emitted in the course of the Chernobyl
accident was approximately four orders of magnitude higher than during the Fukushima accident. For Chernobyl, a
total release of 5300 PBq (excluding noble gases) has been established as the most cited source term. For Fukushima,
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I;Eﬁ:gf;{a we estimated a total source term of 520 (340-800) PBq. In the course of the Fukushima accident, the majority of the
Chernobyl radionuclides (more than 80%) was transported offshore and deposited in the Pacific Ocean. Monitoring campaigns
Radioactivity after both accidents reveal that the environmental impact of the Chernobyl accident was much greater than of the
Radioecology Fukushima accident. Both the highly contaminated areas and the evacuated areas are smaller around Fukushima
Radionuclide contamination and the projected health effects in Japan are significantly lower than after the Chernobyl accident. This is mainly
Socioeconomic effects of radiation due to the fact that food safety campaigns and evacuations worked quickly and efficiently after the Fukushima
accident. In contrast to Chernobyl, no fatalities due to acute radiation effects occurred in Fukushima.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

The accident at the Fukushima Daiichi nuclear power plant (NPP)
was one of the biggest environmental disasters in recent years. In public
perception, enhanced by media reports, parallels between the nuclear
accidents of Fukushima (Japan, 2011) and Chernobyl (Ukraine, 1986)
have often been drawn. Both accidents have been rated on the
International Atomic Energy Agency (IAEA) International Nuclear and
Radiological Event Scale (INES) as a “Major Accident” as INES 7.
However, are the accidents as comparable as suggested by this rating?
The nuclear accidents of Chernobyl and Fukushima exhibit some
interesting similarities and differences, which warrant comparison. In
this review, the main focus is on environmental consequences of both
accidents, the causes of the accidents, the types and amounts of
radionuclides released, the areas of contamination, the environmental
media affected, and a brief discussion of the most relevant radiological
aspects including food safety.

2. Causes of the accidents

The Chernobyl nuclear accident happened on 26 April 1986 in the
course of a technical test in Unit 4 of the Chernobyl NPP. Inappropriate
reactor operation at low power level led to “xenon-poisoning” of the
reactor, which was not recognized properly by the reactor staff and
caused improper operation of the reactor's control rods (Grishanin,
2010; Smith and Beresford, 2005). This operating error led to thermal
destruction of the RBMK-1000 reactor by a sudden power excursion,
which ultimately caused at least one (steam) explosion and ignition of
the graphite moderators (Michel, 2006). Radionuclides released from
the explosion included very short-lived fission products, which resulted
in very high dose rates in the adjacent areas. After the initial peak
release, further releases of radionuclides occurred over 10 days due to
the graphite fire.

On 11 March 2011, the magnitude 9.0 East Japan Earthquake (also
referred to as Tohoku Earthquake) occurred at 14:46 (local time) with
an epicenter in the Pacific Ocean 130 km east of Sendai (Japan) and
163 km northeast of the Fukushima NPP (Thielen, 2012). The
earthquake caused a devastating tsunami that reached heights of up
to 40.5 m and caused massive destruction along the coast line. The
tsunami rolled as much as 10 km inland (Hamada and Ogino, 2012),
causing 15,854 confirmed fatalities and 3089 missing persons (as of
28 March 2012) (Hamada et al., 2012).

The Fukushima Daiichi NPP was operated by the Tokyo Electric
Power Company (TEPCO) and consisted of six boiling water reactors
with a combined power capability of 5480 MWe (Schwantes et al.,
2012). The reactors were brought into operation between 1971 and
1979 and were protected by a 10 m sea wall (Lipscy et al., 2013). The
tsunami, however reached as high as 14 m at the plant site. Three of
the six reactors (Units 1, 2, and 3) were in operation at the time of the
earthquake, but the first seismic signals of the earthquake triggered an
automatic shutdown of the reactors. The tsunami reached the site of
the NPP at 15:38. It flooded, damaged, and blocked the water intake
buildings of the NPP and destroyed the diesel generators, leaving the
main cooling systems inoperable due to a complete station blackout.

This also included the cooling systems for the spent fuel pools of reactor
Units 4, 5, and 6 (Thielen, 2012). Under these circumstances, the battery-
driven reactor core isolation pumps remained the only method of
cooling for the reactor pressure vessels. The reactor core isolation
pump is driven by steam from the pressure vessel, and the steam is
discharged into the reactor condensation chamber, while simultaneously
pumping water from the condensation chamber into the vessel.
However, there was no heat removal from the building via the
condensation chamber, and the reactor core isolation pump eventually
stopped functioning. After the loss of battery power or pump failure
(Unit 1: 11 March; Unit 2: 14 March; Unit 3: 13 March), the reactors
were left uncooled (Braun, 2011). At that time, the decay heat of the
fission products was still in the range of 20 MW, which caused damage
and partial meltdown of the fuel elements. Tanabe (2012) found that
core damage started at 1200 K due to ballooning and bursting of the
fuel cladding. Core material melting started at 1500 K. Kirchner et al.
(2012) estimated that the temperature of the core, however, remained
below 2670 K, so that refractory elements were mobilized only to a
minor extent. At the temperatures reached, however, the redox-
reaction between zirconium and water takes place (the reaction initiates
at temperatures >1170K and becomes autocatalytic >1570K
(Schwantes et al., 2012)), causing the formation of large amounts of
hydrogen gas. During venting operations (Blandford and Ahn, 2012)
for overpressure relief, both radionuclides and hydrogen gas were
released into the service floor level of the reactor buildings, mixing
with air. Three massive oxy-hydrogen gas explosions subsequently
damaged Unit 1, 3, and 4 buildings. Unit 2 was damaged due to a
hydrogen explosion in the condensation chamber.

In contrast to Chernobyl, Fukushima reactors were equipped with a
concrete containment building. The explosions at Fukushima were solely
of chemical nature (hydrogen explosions) and affected the reactor
buildings but, based on the best available information, not the reactor
pressure vessels or the reactors themselves. The release characteristics
were distinct from the Chernobyl accident. Releases of only gas phase
radionuclides occurred in the course of venting operations to relieve
over-pressure inside the vessel, after approximately one day delay. In
contrast to the uncontrolled, continuous releases of Chernobyl with
peak releases in the very beginning, the venting operations at
Fukushima NPP happened in pulses over a time span of more than
a week, and were often conducted under advantageous weather
conditions that transported approximately 80% of the radionuclides
offshore (Morino et al., 2011).

3. Types and amounts of released radionuclides

The radionuclide source terms after releases from major nuclear
accidents are obtained by model simulations with distinct assumptions
and preconditions. This explains the variability of early estimates. For
Chernobyl, a value of 5300 PBq (1 PBq = 10'° Bq) for the total activity
released (excluding noble gases) has been established as the most
cited source term in recent literature (UNSCEAR, 2000). Later, the
release of refractory elements was adjusted to a 50% lower value.
These changes are mostly academic in nature and neither dramatically
influence the assessment of radiation doses nor the estimation of the
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Comparison of the atmospheric release estimates of radionuclides for the nuclear accidents at Chernobyl and Fukushima.

Radionuclide Tip Activity (PBq)
Chernobyl Reference Fukushima® Reference
(atmospheric releases)
Noble gases
85Kr 1075y 33 (Dreicer et al., 1996) 44 (Ahlswede et al., 2013)
133%e 5.25d 6500 (Dreicer et al., 1996) 14,000 (Stohl et al,, 2012)
15,300 (Stohl et al,, 2011)
Volatile elements
*H 123y 1.4 (inventory) (Kirchner and Noack, 1988)
129m e 336d 240 (Dreicer et al., 1996) ~15 This study®
132Te 3.20d ~1150 (UNSCEAR, 2008) ~180 This study®
1000 (Dreicer et al., 1996) 88 (Tagami et al., 2013)
1291 15.7E6y 4x10°—-48x107° (Aldahan et al.,, 2007; 55x107° (Hou et al., 2013)
Kashparov et al., 2003) 6.6x1076 This study®
84x107° (Paul et al., 1987)
131] 8.03d ~1760 (UNSCEAR, 2008) 150" (Chino et al,, 2011)
1200-1700 (Dreicer et al., 1996) 130-160 (Hamada and Ogino, 2012)
190-380 (Winiarek et al., 2012)
65.2 (Ten Hoeve and Jacobson, 2012)
200 (Kobayashi et al., 2013)
1331 208 h 910 (UNSCEAR, 2008) 146 This study®
2500 (Dreicer et al., 1996)
134cs 207y ~47 (Dreicer et al.,, 1996; 118 This study”
UNSCEAR, 2008) 18 (Hamada and Ogino, 2012)
136Cs 13.0d 36 (Dreicer et al., 1996) 26 This study’
22 This study’
137¢g 30.1d 85 (UNSCEAR, 2008) 12 (Chino et al,, 2011;
74-85 (Dreicer et al., 1996) Winiarek et al,, 2012)
98 (Anspaugh et al., 1988) 13 (Kobayashi et al., 2013)
6.1-15 (Hamada and Ogino, 2012)
17 (Ten Hoeve and Jacobson, 2012)
62.5 (Stohl et al., 2011)
Elements with intermediate volatility
89gr 50.5d ~115 (UNSCEAR, 2008) ~0.2 This study*
81 (Dreicer et al., 1996)
905 289y ~10 (UNSCEAR, 2008) ~0.02 This study’
4 (Kashparov et al., 2003)
8 (Dreicer et al., 1996)
103Ry 392d >168 (UNSCEAR, 2008)
170 (Dreicer et al., 1996)
106Ry 372d >73 (UNSCEAR, 2008)
30 (Dreicer et al., 1996)
1404 12.8d 240 (UNSCEAR, 2008)
170 (Dreicer et al., 1996)
Refractory elements®
957 64.0d 84 (UNSCEAR, 2008)
87 (Kashparov et al., 2003)
170 (Dreicer et al., 1996)
Mo 66.0 h >72 (UNSCEAR, 2008)
210 (Dreicer et al., 1996)
1255h 276y 023 (Kashparov et al., 2003)
1ce 325d 84 (UNSCEAR, 2008)
200 (Dreicer et al., 1996)
44ce 285d ~50 (UNSCEAR, 2008)
140 (Dreicer et al., 1996)
154gy 8.60y 0.13 (Kashparov et al., 2003)
239 Np 236d 400 (UNSCEAR, 2008)
1700 (Dreicer et al., 1996)
238py 87.7y 0015 (UNSCEAR, 2008) 2x107°5—-5x10"° This study™
0.03 (Dreicer et al., 1996)
23%py 24,100y 0.013 (Kashparov et al., 2003;
UNSCEAR, 2008)
240py 6560y 0.018 (Kashparov et al., 2003;
UNSCEAR, 2008)
239 + 240py 0.031 (UNSCEAR, 2008) 10x1076—24x10"¢ (Zheng et al., 2012)
241py 143y ~26 (UNSCEAR, 2008) 11x1074—26x10"4 (Zheng et al., 2012)
242py 3.76E5y 4x10°5 (UNSCEAR, 2008)
241Am 433y 0.0024 (Kashparov et al., 2003)
2420 163d ~04 (UNSCEAR, 2008)
244cm 181y 0.0027 (UNSCEAR, 2000)
Total (excluding noble gases) ~5300" (UNSCEAR, 2000) ~520 (340-800) This study
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total activity of the released radionuclides (UNSCEAR, 2008). In any
case, no such source term has yet been established for Fukushima. Early
estimations, however, ranged from 10% to approximately 15% of the
Chernobyl value (Hamada and Ogino, 2012; Ten Hoeve and Jacobson,
2012; Winiarek et al, 2012). Herein we estimate the total activity of
radionuclides released to be 520 PBq (340-800 as lower and upper
bounds, respectively). This value was obtained by summation of the
most likely individual source terms for the most relevant radionuclides
(Table 1). For this estimation, in some cases, more recently published
values were preferred over preliminary values. In some cases, such as
1311 the most cited value by Chino et al. (2011) was chosen, which is
also close to the arithmetic mean of the other published values. For the
individual source term of *’Cs, the value obtained by two independent
groups (Chino et al, 2011; Winiarek et al, 2012) was deemed most
valid (hence printed in bold). Some values in the source term estimate
are based on the correlation of a particular radionuclide in environmental
samples with a key radionuclide, such as '3'I, 3’Cs, or others (see also
footnotes of Table 1). This correlation provides good estimates of the
source term for isotopes of the same element, but introduces larger
uncertainties for different elements which have different physical
properties (such as volatility) and are prone to chemical differentiation
in nature.

It is obvious from Table 1 that the amount of ' released from
Fukushima was less than 10% of the amount released from Chernobyl.
Cesium-137, the next most important fission product, was less than
15% of the Chernobyl total. The overall releases from Fukushima Daiichi,
according to Table 1, were 10% of the Chernobyl releases. Due to the
different release characteristics, the spectrum of discharged radionuclides
is distinct for both nuclear accidents. In case of Fukushima, releases of
non-volatile radionuclides were small (noble gases, iodine, cesium, and
tellurium are considered volatile). Numerous monitoring campaigns
studied the distribution of volatile radionuclides in the northern
hemisphere (Evangeliou et al.,, 2013; Masson et al,, 2011; Thakur et al.,
2013). Examples of semi-volatile or refractory elements would be °°Sr
and actinides (Schneider et al.,, 2013; Steinhauser et al,, 2013b; Zheng
et al,, 2012). Chernobyl, in contrast, released part of its activity inventory
directly into the environment in a dynamic that was driven by nuclear
processes and a subsequent graphite fire. This explains the significant
releases from Chernobyl of semi-volatile or refractory elements (0.4-
1.5% of the reactor core inventory) such as radiostrontium (Gaschak
etal., 2011; Kashparov et al., 2001; Vakulovsky et al., 1994) and actinides
(Agapkina et al., 1995; Kashparov et al., 2003; Mietelski and Was, 1995;
Taira et al,, 2013) in addition to the volatile radionuclides. Refractory
elements from Chernobyl were mainly deposited within a distance of
100 km from the site due to the large particle sizes (Runde et al., 2010).
The doses due to °°Sr intake, however, were relatively small (UNSCEAR,
2000). According to an analysis by Kirchner et al. (2012), the nuclear
fuel of Fukushima - in contrast to Chernobyl - did not reach
temperatures >2700 K that is necessary for the volatilization of refractory
elements, such as actinides.

In terms of radionuclide signatures, radiocesium releases from both
accidents were clearly distinct. Fukushima-derived radiocesium carried
a '34Cs/"3Cs activity ratio of 0.98 + 0.01 Bq/Bq (Merz et al,, 2013),
whereas radiocesium from Chernobyl had a '3*Cs/!*’Cs signature of
0.5-0.6 Bq/Bq (Arvela et al.,, 1990; De Cort et al., 1998; Masson et al.,
2011). This difference can be explained by the lower degree of
enrichment used for the RBMK reactor fuel (approximately 2%). The
RBMK fuel does not allow for comparable burning ages, as in case of
Fukushima's BWRs (enrichment approximately 3-4%), and will not
build up a comparable amount of '>4Cs per *’Cs by neutron activation
of stable 133Cs.

4. Areas of contamination and evacuation

Chernobyl's “exclusion zone” initially encompassed a 30 km radius
(2800 km?) around the NPP. Approximately 116000 people within the
“exclusion zone” were evacuated to less contaminated areas in the
months following the accident. Evacuation began 3-11 days after the
accident, which was already late for parts of the affected population
(Prohl et al., 2002). Later, the exclusion zone was extended and covered
4300 km? in 1996, in order to contain the areas with the highest
radiation levels (IAEA, 1996).

In contrast, more than 80% of the atmospherically-released
radionuclides are estimated to have gone offshore from Fukushima,
followed by deposition in the Pacific Ocean (Kawamura et al., 2011;
Morino et al, 2011). Radionuclides from Fukushima were found in
seawater and marine organisms throughout the Pacific (Buesseler et al.,
2011; Buesseler et al, 2012; Hou et al, 2013; Madigan et al,, 2012;
Madigan et al., 2013; Manley and Lowe, 2012; Povinec et al., 2012;
Shimura et al.,, 2012). However, the radiological consequences in
countries other than Japan appear negligible, as dilution in the Ocean
was found to occur quickly (Behrens et al., 2012). Chernobyl, in contrast,
is located in the center of the European continent resulting in significant
contamination also outside the evacuation zone (Thomassin et al,
2011), and in many European countries. This includes the Ukraine's
neighboring countries Belarus (which is generally regarded as the
most affected country of the Chernobyl accident) (Krinitsyn and
Pazukhin, 1995; Zhuchenko et al., 2002), the Russian Federation
(Andersson and Roed, 2006; Bernhardsson et al., 2011; Korobova
et al., 1998), Scandinavia (Holm et al., 1992; Jaworowski et al.,
1997; Leppdnen et al., 2011), Southern Germany (Bunzl et al.,
1995; Daraoui et al., 2012; Schimmack et al, 1997), Austria
(Bossew et al., 1995), Greece (Petropoulos et al., 1996), and others
(Fig. 1 and Table 2) (De Cort et al., 1998).

The current Fukushima exclusion zone encompasses an area of less
than 600 km? (Fig. 2.) (Yoshida and Takahashi, 2012). Radionuclides
were mainly deposited northwest of the reactor, causing the greatest
contamination in a strip approximately 40 km in length (Hirose, 2012;
Kinoshita et al,, 2011; Yasunari et al,, 2011). Despite the fact that the
tsunami had destroyed large parts of the coastal infrastructure,

Notes to Table 1:

¢ Comment: If necessary, activities of very short-lived radionuclides were decay corrected to 12 March 2011 (12:00 noon), which is the date of the first releases of radionuclides.

b Chernobyl: releases based on the respective radionuclide inventory in Unit 4 and a release of ~1.5% of the fuel in particulate form, see Kashparov et al. (2003).

¢ Estimated from the '3’Cs source term from Chino et al. (2011) and the measured '>°™Te/'3’Cs activity ratio of 1.3 from Endo et al. (2012) (disregarding some obvious outliers). The
proposed '2°™Te/"*”Cs activity ratio of 4.0 by Tagami et al. (2011) has been found to be inconsistent with the other radiotellurium/radiocesium activity ratios tested in this study. This may

be due to chemical fractionation between Cs and Te in the environment.

4 Estimated from the '*’Cs source term from Chino et al. (2011) and the measured '**Te/*>’Cs activity ratio of 15 from Endo et al. (2012) (disregarding some obvious outliers).
¢ Based on the '*'I data from Chino et al. (2011) and the measured atomic ratio for '2°I/'*' = 31.6 from Miyake et al. (2012).

f Most cited value in literature as of May 2013.

& Based on the '3'I data from Chino et al. (2011) and a measured '3I/'3'] activity ratio of 0.97 from Amano et al. (2012).

" Based on the '*’Cs data from Chino et al. (2011) and a measured '**Cs/'*”Cs activity ratio of 0.98 from Merz et al. (2013).

I Based on the '*’Cs data from Chino et al. (2011) and a measured '*°Cs/'3’Cs ratio of 0.22 from Tagami et al. (2011) as well as Steinhauser et al. (2013a).

J Based on the *’Cs data from Chino et al. (2011) and a measured '*°Cs/"3’Cs ratio of 0.18 from Amano et al. (2012).

X Based on the estimation for °°Sr in this study and an initial 8Sr/°°Sr activity ratio of 11.8 from Povinec et al. (2012); Casacuberta et al. (2013); Nishihara et al. (2012).
! Estimated from the '*’Cs source term from Chino et al. (2011) and the °°Sr-'3’Cs correlation from Steinhauser et al. (2013b) (disregarding one outlier).

™ Based on the 23° * 240py data from Zheng et al. (2012) and a predicted 238Pu/?*° * 24%py activity ratio of 1.92 from Schwantes et al. (2012).
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Fig. 1. Surface contamination with '*’Cs in Europe after the Chernobyl nuclear accident. Modified after De Cort et al. (1998) Reprinted with permission from the European Commission
Joint Research Centre. © EC/IGCE, Roshydromet (Russia)/Minchernobyl (Ukraine)/Belhydromet (Belarus), 1998.

Japanese authorities managed the evacuation of the population from Fukushima NPP was designated as the “stay-away evacuation” zone.
the potentially affected areas remarkably well and fast. The Japanese On 15 March 2011, the time of major releases of radionuclides,
Nuclear Emergency Response Headquarters (NERHQ) defined the the surrounding area between 20 and 30 km was declared an “indoor
evacuation zones. On 12 March 2011, a 20 km radius around the evacuation” zone. On 16 March 2011, NERHQ instructed evacuees
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Table 2

805

Contaminated areas in European countries. Please note a contribution of 2-4 kBq/m? due to previous atmospheric nuclear explosions. Taken from Diehl (2003); United Nations (2000).

Country Areas of the contamination zones (km?)
Zone 4 Zone 3 Zone 2 Zone 1
(37-185 kBq/m?) (185-555 kBq/m?) (555-1480 kBq/m?) (>1480 kBq/m?)
Russian Federation 49,800 5700 2100 300
Belarus 29,900 10,200 4200 2200
Ukraine 37,200 3200 900 600
Sweden 12,000
Finland 11,500
Austria 8600
Norway 5200
Bulgaria 4800
Switzerland 1300
Greece 1200
Slovenia 300
Italy 300
Moldova 80

less than 40 years of age to leave the stay-away evacuation zone and to
take pills or syrup of stable iodine (Hamada et al., 2012; NERHQ, 2011).

Stable iodine prophylaxis can prevent uptake of radioiodine into the
thyroid gland and thus reduce the risk of thyroid cancer. Stable iodine

(1.51 million pills for 750,000 people and 6.1kg powder for
120,000-180,000 people) was distributed in Fukushima Prefecture on
16 March 2011, but only a small number of evacuees actually ingested
the stable iodine as the evacuation had already been completed
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Fig 2. Estimated total deposition of radiocesium after the Fukushima nuclear accident, approximately half of which is '*’Cs. Taken from (Yoshida and Takahashi, 2012) and slightly

modified. Reprinted with permission from the Mineralogical Society of America © 2012.
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previously (Hamada et al., 2012). At this point, the importance and the
effectiveness of the rapid evacuation have to be emphasized
(Thomassin et al., 2011).

Although the distribution of stable iodine has been reported for
Chernobyl in early publications (International Atomic Energy Agency,
1989; International Atomic Energy Agency, 1991), the fact itself or at
least the effectiveness of this countermeasure for the region's
population was challenged at a later point (Shakhtarin et al., 2003). If
this countermeasure was deployed at all, it was probably too late for
many inhabitants.

On 22 April 2011, Fukushima's ‘indoor evacuation zone’ (sheltering
zone) was revised to the ‘evacuation prepared’ zone, where residents
should be ready for evacuation or sheltering in case of a deterioration
of the situation. However, this excluded the area beyond the 20-km
radius where doses >20 mSv for the general public during the course
of the next year could not be excluded. This area designated as the
‘deliberate evacuation area’ was located in northwesterly direction of
the NPP (Hamada et al., 2012).

The areas of the individual contamination zones in various countries
after the Chernobyl nuclear accident are summarized in Table 2.
According to this table, the area around Chernobyl exceeding a level
>185 kBq/m? encompasses 29,400 km?. The size of the contamination
zone in Japan with levels >185 kBq/m? after the Fukushima accident,
in comparison, is defined by an area of approximately 1700 km?
(Ohta, 2011). In Japan, more than 75% of the area is forested, <10%
rice paddy fields, <10% other agricultural areas and <5% urban areas.

G. Steinhauser et al. / Science of the Total Environment 470-471 (2014) 800-817

The contaminated areas (>185 kBq/m?) in Belarus are 43% agricultural
areas, 39% forested and 2% rivers and lakes (Ohta, 2011).

5. Environmental impact of the released radionuclides

Both the Chernobyl and Fukushima accidents caused radionuclide
contamination of the atmosphere, hydrosphere, biosphere and
pedosphere over the entire northern hemisphere. Activity concentrations
of the important radionuclides I, *’Cs, ®Sr and the sum activity of
239py and 2°Pu (if available) in air, rainwater, plant material/animal
thyroids, and soil are compared in Tables 3a-3d for locations in various
distances from the respective NPP (Table 3a: air; Table 3b: rainwater;
Table 3c: biosphere; Table 3d: soil). Wherever literature data are
available, we compared data from locations at equal or at least
comparable distance to the respective NPPs in one row of the tables.
Where more than one data are available, the Tables show the maximum
values.

Please note that in Table 3d (activity concentrations in soil) long-lived
radionuclides such as '*’Cs, ®Sr and 23° * 2%%Py can be present from
previous accidents or nuclear weapon tests and exhibit a significant
background concentration that is sometimes difficult to distinguish
from “fresh” contamination. In this case, radionuclides such as 3*Cs or
8951 can be used as indicators of a recent contamination. The background
in the other environmental media (e.g. caused by resuspension of soil
particles or uptake of radionuclides by plants) can mostly be regarded
as of minor importance.

Table 3a
Selected maximum radionuclide concentrations in air after the accidents of Chernobyl and Fukushima, arranged by distance from the NPPs (activities in Bq-m~> at the time of sampling).
Chernobyl Fukushima
Location Distanceto 31 137¢Cs 905y 29+ 240py  [gcation Distanceto 31 137¢Cs 905y 239+ 240py
NPP (km) NPP (km)

Chernobyl NPP 0 750,000° 120,000 - - Fukushima Daiichi 0 5600° - - -

Chernobyl, UA 1 58,000° - - - Fukushima Daiichi 10 2100° - - -
Futoba, JP 25 530 6.6" - -
Tsukuba, JP 190 32Y 0.016" - -
Takasaki, JP 220 14.7% - - -

Berezinsky Natural Res., BY 400 200°¢ 9.9¢ - - Wako, JP 220 47¢ - - -

Vilnius, LT 500 4524 27.9¢ - -

Mikolajki, PL 650 8¢ 1.88° - -

Prague, CZ 1100 - - - 0.000028" Busan, ROK 1100 0.00132Y 0.00125Y - -

Nurmijdrvi, FIN 1100 - 102 - 0.000032% Andong, ROK 1100 0.00069Y 0.00015Y - -

Sweden 1150 12" 50 - - Daegu, ROK 1120 0.00112Y 0.00027Y - -

Austria 1200 - 10' 017" 0.00009' Seoul, ROK 1200 0.00129¥  0.00017” - -

Thessaloniki, GR 1300 5 2 - - Gunsan, ROK 1300 0.00312Y 0.00045Y - -
Jeju, ROK 1400 0.00089Y 0.0005Y - -
Jilin, CN 1500 0.008” 0.00023* - -

Bologna, IT 1700 6.44% 1.9% - - Liaoning, CN 1600 0.00147°  0.00017* - -

Monaco 1900 463 1.56% - -

Paris 2000 2! 2! - -

Yavne, IL 2200 42™ - - - Anhui, CN 2200 0.00159* 0.00017% - -

Chilton, UK 2200 0.96" 0.5" - 8.5E-7" Taiwan 2400 0.00059** 0.0006* - -
Saipan 2500 0.00999"> 000148 - -
Manila, RP 3200 0.00048 0.00012°¢ - -
Wake Island 3200 0.0023% 0.00035% - -
Dalat, VN 3800 0.00019°¢ 0.000036%¢ - -
Midway Island 4000 0.00937 0.0017 - -
Dutch Harbor, AK, US 4350 0.0255% 0.00325%8 - -

Mumbai, IN 5100 - 1.65° - - Tibet 4700 0.00032* - - -
Nome, AK, US 4600 0.00159""  0.0044"" - -
Oahu, US 6000 0.0244" 0.00444" - -
Ketchikan, AK, US 6500 0.00213Y 0.00023 - -

New York, US 7500 0.02° 0.01° - - Dubna, RUS 7400 0.00386¢ - - -
Seattle, WA, US 7500 0.0044" 0.00022" - -

Chiba, JP 8200 19 0.0749 - - Vilnius, LT 8000 0.0038™™  0.00107™™ - 445E-8™
Reykjavik, IS 8600 0.003°° 0.00087°° - -
Krakow, PL 8700 0.0057PP 0.00044PP - -

Livermore,CA,US 9800 0.074" 0.037" - - Bremen, D 8900 0.00299 - - -
Tessaloniki, GR 9300 0.000497™  0.000145™ - -
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Tables 3a-3d illustrate that in most cases the monitoring campaigns
reported much higher activity concentrations after Chernobyl, when
compared with Fukushima. It is important to note that some (soil and
plant) analyses after Chernobyl were performed several years after the
accident, reducing the apparent activity concentrations due to physical
decay and migration into the soil. Naturally, the degree of contamination
not only depends on distance but also on weather conditions such as
wind direction and precipitation, which, especially for the analysis of
the Chernobyl accident remains difficult to determine retrospectively.
Local meteorological conditions cause great variability in activity
concentrations in environmental media and can result in locations
further away being higher in concentration than closer locations. For
the same reason, occasionally, activity concentrations in environmental
media are found to be higher after the Fukushima accident than after
Chernobyl. For example, "'l activity concentrations in rainwater in
2011 collected at San Francisco, USA (16 Bq-L™'; 8100 km from Japan)
were approximately 10 times higher after the Fukushima accident
(Table 3b), than rainwater sampled in Taiwan (7600 km from Chernobyl)
after the Chernobyl accident (1.4 Bq-L™!). However, Tables 3a, 3b, 3¢, 3d
show a clear picture: in almost every environmental medium, and at
almost every distance from the NPPs, the Chernobyl accident caused a
much greater degree of contamination, often several orders of magnitude
higher than as observed after the Fukushima accident. For example, this is
also illustrated by the ' concentrations in rainwater collected in Japan
after the Chernobyl accident (98 Bq-L~'), which was 6 times higher
than the above-mentioned rainwater from San Francisco in 2011.

The most obvious difference between both accidents is the presence
or absence of refractory elements such as plutonium or semi-volatile
9Sr in the environmental media listed in Tables 3a-3d. Chernobyl
emitted at least 0.4% of its fuel inventory (Kashparov et al, 2003).
Many reports on semi-volatile '°>'°Ru and refractory radionuclides
(9°Zr, 0L, 141.149Ce  etc.) in air and other media have been published
after Chernobyl, even at remote monitoring stations (but could not be
included in Tables 3a-3d) (Erlandsson et al, 1987; Irlweck et al.,
1993; Ishida et al., 1988; Larsen et al., 1989; Retalis and Pitta, 1989;
Whitehead et al., 1988), but hardly any after Fukushima (Shozugawa
et al,, 2012). Even reports on radionuclides of semi-volatile elements
such as strontium from Fukushima are still rare (Povinec et al., 2012;
Steinhauser et al., 2013b) — in stark contrast to Chernobyl (Kashparov
etal., 2001; Kashparov et al., 2003). Findings of refractory radionuclides
in air after 1986 can be explained by the distinct accident dynamics and
the fact that fuel debris was emitted into the atmosphere in the course
of the Chernobyl accident. More than 90% of the radiostrontium and
radioruthenium activities at Chernobyl were emitted in fuel particle
form (Kashparov et al., 2003; Kuriny et al, 1993). In contrast, at
Fukushima gas phase emissions clearly dominated the releases.

Releases from the Chernobyl accident also included those
radionuclides with very short half-lives in the range of seconds and
minutes that are characterized by enormous specific activities. This
led to the massive radiation damage in the so-called “Red Forest”,
where pine trees succumbed due to radiation-induced destruction
of plant tissue in the early aftermath of the accident. The name

Notes to Table 3a:

“Particulate fraction only.

- ... not detected or not reported

926 April 1986 (Chernobyl, UA); 4-5 May 1986 (Monaco) (Whitehead et al., 1988).

9 May 1986 (Feely et al., 1988; USSRSCUAE (USSR State Committee on the Utilization of Atomic Energy), 1986).

¢(Thakur et al., 2013).
dEarly May 1986 (Lujaniene et al., 2012b).
€30 April 1986 (Jaworowski and Kownacka, 1988).
29 April-5 May 1986 (Holgye, 2008).
828 April 1986 (Paatero et al., 2010).
128-29 April 1986 (Devell et al,, 1986).
iLate April-5 May 1986 (Irlweck et al., 1993; Irlweck and Wicke, 1998).
J5-6 May 1986 (Papastefanou et al., 1988).
k1 May 1986 (Gattavecchia et al., 1989).
'1 May 1986 (Thomas and Martin, 1986).
™5 May 1986 (Paul et al., 1987).
"2-3 May 1986 (Cambray et al., 1987).
°13 May 1986 (Mishra, 1990).
P10-11 May 1986 (Larsen et al., 1989).
94 May 1986 (Higuchi et al., 1988).
12 May 1986 (Beiriger et al., 1988).
21 March 2011, MEXT (Thakur et al., 2013).
20 March 2011, TEPCO (Thakur et al., 2013).
YMEXT (Thakur et al., 2013).
V16 March 2011 ('3'1), 1-3 April (*’Cs), KEK (Thakur et al., 2013).
W15-16 March 2011, CTBTO (Thakur et al., 2013).
*22-23 March 2011 (Thakur et al,, 2013).
Y6-7 April 2011 (Kim et al., 2012).
“4-9 April 2011, MEP (Thakur et al., 2012).
236 April 2011 (Huh et al., 2012).
021 March 2011, US EPA (Thakur et al.,, 2013).
€24 March 2011, CTBTO (Thakur et al., 2013).
4425 March 2011, CTBTO (Thakur et al., 2013).
€10 April 2011 (Long et al., 2012).
f2-23 March 2011, CTBTO (Thakur et al., 2013).
£819-22 March 2011, US EPA (Thakur et al., 2012).
hh93-24 March 2011, US EPA (Thakur et al,, 2012).
121 March 2011, US EPA (Thakur et al,, 2013).
125-26 March 2011 (Miley et al,, 2013).
k4 April 2011 (Masson et al., 2011).
119-24 March 2011 (Diaz Leon et al., 2011).
mm28 March-1 April 2011 (Lujaniene et al., 2012b).
"April 2011 (Lujaniene et al., 2012a).
92 April 2011, IRSA (Thakur et al.,, 2012).
PP29-30 April 2011 (Masson et al., 2011).
9929 March 2011 (Pittauerova et al., 2011).

4-5 April 2011 (Manolopoulou et al., 2011).
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“Red Forest” comes from the ginger-brown color of the pine-needles
of the perished trees. Due to the much higher levels of contamination
and releases of fuel particles in the vicinity of the Chernobyl NPP,
radiation-induced mutations of plants (winter wheat) have been
reported (Morgun et al., 1996). The releases from Fukushima, in
contrast, began on 12 March 2011, many hours after the emergency
shut-down of the reactors following the first seismic signals of the
earthquake. This delay of several hours before any appreciable
releases was sufficient for the very short-lived fraction of
radionuclides to decay, which avoided a comparable ecological
devastation like in Chernobyl.

Table 3a offers some interesting insight in the uptake mechanisms of
a radionuclide, in particular radioiodine in the thyroids of mammals.
lodine-131 concentrations in human thyroids from Munich (Germany)
(Kutschera et al., 1988) were two or three orders of magnitude lower
than activity concentrations in the thyroids of grazing animals from
closely located regions (Austria and Ulm/Germany) (Tataruch et al.,
1988; Van Middlesworth and Loos, 1988). It can be assumed that the
activity concentrations in air were roughly comparable in all three
areas. This shows that inhalation of radioiodine is only a minor pathway
into mammals thyroids compared with the ingestion of contaminated
food/pasture. It can be assumed that grass exhibited a much higher
contamination level in early May 1986 than human food, which typically
consists partly of processed and imported foodstuffs that are not
susceptible to local atmospheric *'I pollution. This example further
emphasizes the importance of food safety after nuclear accidents.

Apart from radionuclide concentration in air, electrical conductivity
can provide much information about a current contamination via the
ionization state of air. However, it was shown that if air conductivity
was to be used for radioactivity monitoring, a simultaneous aerosol
particle size distribution measurement was necessary (Paatero et al.,
2010). In any case, airborne radionuclides from the Chernobyl
accident significantly increased the electrical conductivity in air in
Europe. In Sweden, conductivity increased from 20fSm~! to
220 fsm~! (Israelsson and Knudsen, 1986; Paatero et al., 2010). A
similar effect was observed in Athens (Greece) (Retalis and Pitta, 1989).
The station at Helsinki-Vantaa airport (Finland) reported a tenfold
increase in conductivity in April-May 1986. The conductivity meter
even went over the scale maximum, and a conductivity of 150-
200 fSm™! could only be estimated (Paatero et al., 2010; Tuomi, 1989).
The normal background level in Finland was reached by the end of
summer 1986. In the highly contaminated area around the Chernobyl
NPP, in contrast, air conductivity was reported 240-570 times higher
than the background even one year after the accident (Yablokov et al.,
2009). As far as scientific literature reports on the Fukushima accident
are concerned, no comparable conductivity anomalies have been
observed after the Fukushima accident.

6. Doses, health effects and projected mortality

More than two decades after the Chernobyl accident, the radiological
consequences of the radionuclide releases are well understood. An
ultimate and holistic assessment of the health effects, for example in
terms of fatalities attributable to the accident, will require further
investigations, but perhaps will never be possible (Jacob et al., 2006).

Tokonami et al. (2012) investigated 62 residents and evacuees from
heavily contaminated areas around the Fukushima NPP to determine
their thyroid doses (inhalation) and found a median committed
equivalent dose of 4.2 mSv and 3.5 mSv for children and adults,
respectively. The maximum thyroid doses were 23 mSv (children) and
33 mSv (adults). For the mean committed thyroid dose for evacuees
from Chernobyl, Tokonami et al. cite a value of 490 mSv (UNSCEAR,
2008). The maximum thyroid doses after Chernobyl ranged as high as
50 Gy (The Chernobyl Forum, 2006). Whereas the main pathway of
radioiodine incorporation in Chernobyl was uptake of contaminated
milk (UNSCEAR, 2008), exposure through ingestion is considered to

contribute negligibly to the internal exposure after the Fukushima
nuclear accident.

The thyroid dose after the Chernobyl accident has been associated
with an increase in thyroid cancer incidence among those who were
children and adolescents at the time of the accident (Kazakov et al.,
1992). Also, fetuses whose mothers were exposed to radioiodine
received significant thyroid doses, up to 3.2 Gy, with an arithmetic
mean of 72 mGy (Likhtarov et al., 2011). As reported by UNSCEAR in
2008, the thyroid cancer incidence in the affected population exceeded
6848 cases for patients who were younger than 18 years in 1986 (5127
of them were under the age of 14 in 1986) (UNSCEAR, 2008). Recent
studies suggest that this number may be still increasing (Ivanov et al.,
2012). Treatment of thyroid carcinoma often proves to be successful;
however, 15 fatalities have been reported as of 2006 (The Chernobyl
Forum, 2006). No risk of radiation-related thyroid cancer was found in
a group of those exposed as adults (Dickman et al., 2003; Ivanov et al.,
2012; Tronko et al., 2006). It is far too early to predict any thyroid cancer
incidence for Fukushima, however, first estimates carefully suggest that
“the doses to a vast majority of the population in Fukushima were not
high enough to expect to see any increase in incidence of cancer and
health effects in the future” (Yamashita and Suzuki, 2013). Yamashita
and Suzuki (2013), however admit that public concerns about the
long-term health effects of the disaster have increased in Japan. Recent
news reports indicated 18 cases of thyroid cancer among children in
Japan (NHK, 2013). However, such reports must be treated carefully
because of the latency period of radiation-induced thyroid cancer. The
International Commission on Radiological Protection (ICRP, 2007)
indicated a 4-year latency period after exposure. Similarly, a minimum
latency of three years was shown after Chernobyl, followed by a linear
increase with time after exposure (Heidenreich et al, 1999). In any
case, an excess cancer risk associated with childhood exposure was
shown to persist for more than 50 years after exposure for the
Japanese atomic bomb survivors (Furukawa et al., 2013), which makes
long-term monitoring of the affected population indispensable in both
the Chernobyl and the Fukushima areas.

Various radiation-induced cancer mortality projections for Chernobyl
“liquidators”, evacuees, and people living in areas with contamination
levels >37 kBq/m? have been published in the literature. However,
these projections, ranging from a few thousand cancer mortalities
(Michel and Voigt, 2006) to numbers as high as 10,000 to 40,000
(Anspaugh et al., 1988; Cardis et al., 2006; NRC, 2006; Ten Hoeve and
Jacobson, 2012) that are often based on generic risk estimates. Such risk
projections are generally discouraged by the International Commission
on Radiological Protection (ICRP) (ICRP, 2007), in particular where they
are derived from collective effective doses from trivial individual doses.
More importantly, however, statistically significant increases in the
number of leukemia cases, solid tumors, birth defects, or genetic defects
have not yet been observed for the potentially affected population around
Chernobyl (Michel and Voigt, 2006; The Chernobyl Forum, 2006). Early
indications of an increased risk of leukemia among 61,000 “liquidators”
(The Chernobyl Forum, 2006), seem to have been confirmed in more
recent epidemiological studies, together with increased risks of
hematological malignancies and of cataracts (Cardis and Hatch, 2011).

In a recent publication, similar risk projections have been employed
to estimate the worldwide health effects of the Fukushima nuclear
accident (Ten Hoeve and Jacobson, 2012). According to their modeling,
radiation exposure is projected to result in an additional 130 (15-1100)
cancer-related mortalities and 180 (24-1800) cancer-related morbidities
(uncertainties associated with the exposure-dose and dose-response
models) worldwide. A reply (Beyea et al., 2013) as well as a previous
estimation (Von Hippel, 2011) suggest higher numbers of fatal cancer
of around 1000 cases (which is still within the uncertainty given in by
Ten Hoeve and Jacobson (2012)). As it is not expected that these excess
cancers can ever be distinguished from the background cancer incidence
and mortality, these quoted values will have to be assessed and
interpreted with great care.
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Table 3b
Selected maximum radionuclide concentrations in rainwater after the accidents of Chernobyl and Fukushima, arranged by distance from the NPPs (activities in Bq-L~" at the time of
sampling).
Chernobyl Fukushima
Location Distance to NPP (km) "' 137¢cs %0gr  239+240py  [ocation Distance to NPP (km) "I 137¢s 90gp 239 + 240py
Kashiwa, JP 200 6072" 752 - -
Tokyo, JP 250 284™ 236™ - -
Tokyo, JP 250 614' 27.2! - -
Nagoya, JP 400 810" 240" - -
Osaka, JP 600 0.056° - - -
Northern Austria 1100 - - 3200 - Hiroshima, JP 840 0.44° 0.173° - -
Goteborg, S 1300 3000°  950° - - Jeju, ROK 1240 2819 202¢ - -
Thessaloniki, GR 1300 8400° 1700 - -
Munich, D 1400 58,0009 6500¢ - -
Northern England, UK 2200 200° 80° - -
Shetlands, UK 2200 1600° 290" - - Krasonoyarsk, RU 4000 0.62" 0.075" - -
Jerusalem, IL 2200 19% - - - Novosibirsk, RU 4700 0.83° 0.092° - -
Taiwan 7600 14" - - - Boise, ID, US 8100 1443° 133" - -
Japan 8100 98! 11 002 - San Francisco, US 8100 16" 05" - -
Richmond, CA,US 8100 511v 0.29" - -
Arkansas, US 8900 1.7 - - 0.00019% Vartop, RO 8900 1.69%  <0.039% - -
Bremen, D 8900 0.068*  3.00* - -
Vienna, AT 9000 5.2Y - - -
Denver, CO, US 9100 1.59% - - -
Thessaloniki, GR 9300 0.7% - - -

- ... not detected or not reported
@ 29 April 1986 (Batarekh and Teherani, 1987).
b 10 May 1986 (Mattsson and Vesanen, 1988).
€ 5-6 May 1986 (Papastefanou et al., 1988; Papastefanou et al., 1989).
430 April 1986 (Heinzl et al., 1988).
€ 2 May 1986 (Livens et al., 1992).
' 1-6 May 1986 (Cambray et al., 1987).
& 3-4 May 1986 (Paul et al., 1987).
" May 1986 (Chung and Lo, 1986).
! Ibaraki, 6-15 May 1986 (Muramatsu et al., 1987).
- Ookuma, 30 April-22 May 1986 (Higuchi et al., 1988).
k10 May 1986 (Kuroda et al., 1989).
! 20-22 March 2011 (Hazama and Matsushima, 2013).
™ 4 April 2011 (Steinhauser et al., 2013a).
™ 18 April 2011 (Ogata, 2013).
8 April 2011 (Hazama and Matsushima, 2013).
April 2011 (Hazama and Matsushima, 2013).
28 March-31 May 2011 (Kim et al,, 2012).
4 April 2011, melted snow (Bolsunovsky and Dementyev, 2011).
2-3 April 2011, melted snow (Melgunov et al., 2012).
22 March-27 April 2011, US EPA (Thakur et al,, 2012).
24 March 2011 (Norman et al,, 2011).
23 March-28 April 2011, US EPA (Thakur et al., 2012).
W 7-8 April 2011 (Cosma et al., 2012).
* 15 April 2011 (Pittauerova et al,, 2011).
Y 26 March 2011 (Steinhauser et al., 2013a).
“ 4-14 April 2011, US EPA (Thakur et al., 2012).
43 29 March 2011 (Manolopoulou et al., 2011).
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Plans for in-depth epidemiological studies of the health consequences
of the Fukushima accident were set up quickly after the accident by the
Japanese government and local health authorities. The draft plans for
the health care of residents and initial implementations have been
reviewed by Akiba (2012). One of the big challenges was to establish a
cohort of the affected population and of a control group, especially since
the doses (already in the first year after the accident) were estimated to
be so low that it was difficult to evaluate the risk of cancer and non-
cancer diseases (Akiba, 2012; Boice, 2012). Another potential problem
is the lack of comprehensive dosimetric radiation surveys (a result of
the chaotic conditions and earthquake/tsunami-related destruction of
infrastructure), especially of short-lived radionuclides such as ™I
(Akiba, 2012). In this case, retrospective dosimetry using long-lived 2°I
as a tool to reconstruct initial ' doses may be useful (Michel et al.,
2005; Pietrzak-Flis et al., 2003; Straume et al., 2006).

Probably the most striking difference between the Chernobyl and
Fukushima nuclear accidents concerns the acute (deterministic) effects
on workers at the plant sites. In the course of the Chernobyl accident,
clinical evidence indicated that 134 workers suffered from acute

radiation syndrome (ARS). Thirty-one persons (according to (Michel
and Voigt, 2006)) or 28 (according to (The Chernobyl Forum, 2006;
UNSCEAR, 2000)) died from the explosion and ARS in 1986. From
1987 to 2004 another 19 died of various causes. The maximum external
doses for emergency workers on the first day of the Chernobyl accident
reached up to 16 Gy (UNSCEAR, 2000). In the course of the clean-up,
187,000 workers and liquidators were exposed to a mean effective
dose of 170 mSv (Michel and Voigt, 2006; United Nations, 2000).

Data on the exposure of workers at Fukushima NPP are (yet) sparse
and/or not validated or reviewed by international organizations such as
the IAEA or the WHO and thus may be subject to correction in the future.
Of 20,000 workers at the NPP site, 146 received doses >100 mSv. Six
workers received doses >250 mSv. Two workers in the control rooms
received doses >600 mSv and two other workers received skin doses of
2-3 Sv while standing in highly contaminated water (Ten Hoeve and
Jacobson, 2012). In any case, no cases of ARS or radiation sickness have
been reported for any of the emergency workers at Fukushima NPP. The
excess cancer morbidity among the 20,000 workers was estimated to
be 2-12 cases (Ten Hoeve and Jacobson, 2012), which, given the
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spontaneous cancer incidence rate, cannot be statistically resolved. In a
very recent report, the WHO (World Health Organization, 2013)
concluded that the radiation levels in Fukushima prefecture were “well
below” the threshold levels for deterministic health effects. Inside the
exclusion zone, however, high dose rates (4.8-98 uSv/h) have been
reported (Endo et al., 2012), which could potentially lead to high annual
cumulative external doses (51-1000 mSv), if not evacuated.

7. Food safety after the accidents

After a nuclear accident and the release of radionuclides into the
environment, human health can be affected in several ways, including
external exposure, internal exposure due to inhalation of radionuclides
and internal exposure due to ingestion of radionuclides with
contaminated food (Merz et al., 2013). After the initial phase of a
major nuclear accident, when inhalation contributes significantly to
the overall exposure, contaminated food is regarded as the most

Table 3¢
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important pathway of radionuclides into the human body — and thus
most dose relevant (Hamada and Ogino, 2012). Depending on the
biological half-lives of the radionuclides, continuous accumulation in
organs can yield high organ doses. This is most critical for '*'I that
highly accumulates in the thyroid. It has been observed that ' activity
concentrations continuously build-up over the first weeks and that 3]
exhibits an apparent half-life in mammals that, in the initial phase after
the accident, is even longer than the physical half-life (Steinhauser et al.,
2012). A similar build-up has been shown for fish exposed to cesium
(Pinder et al., 2009). The different metabolisms of each radionuclide
after intake can be described by means of the biological half-life,
which is always shorter than the physical half-life as it includes both
physical decay and biological excretion. Metabolism studies of
radiocesium showed that 10% of the cesium is excreted with a half-life
of 2d, and 90% with a half-life of 110d (ICRP, 1979; Rithm et al.,
1999). In a simplified approach, the biological half-life of radiocesium
is often assumed to be in the range of three months or 100 d for adults.

Selected maximum radionuclide concentrations in biological material after the accidents of Chernobyl and Fukushima, arranged by distance from the NPPs (activities in Bq-kg~' and Bq-L™"
for milk, respectively, at the time of sampling/measurement). Values are usually activity per fresh mass, unless noted otherwise.

Chernobyl Fukushima
Location Distance to "I 137¢s 90gy 239+ 240py  Location Distance to '3[ 137¢s 905y 239 + 240py
NPP (km) NPP (km)

Plant material Plant material

Pripyat/Yanov, UA 4 - 227900° 1,015,000° 1457° Fukushima Daichi, JP  0.88 150,000%  1,290,000""  1140""  0.49"

Christinovka, UA 64 - - - 1.25¢ Odaka, JP 16 - 750" 125" 017

Kiev, UA 100 - 12,3504 1320¢ litate, JP 35 200088 10,0002 - -
Kyoto, JP 550 34007 280V - -

Styria, AT 1200 640° 580° - -

Thessaloniki, GR 1300 - 2700" - -

Munich, D 1400 - 2008 - -

Bremen, D 1500 2450" 555" - -

Northern Italy 1500 164! 51! - -

Nice, FR 1900 - 3400 - -

Harrington, UK 2100 - 5100% - -

United Kingdom 2200 200' 100' - -

Mumbai, IN 5100 9.20™ 8.00" - -

Taiwan 7600 12° - - - Alemeda, CA, US 8100 9.934k 7.04%< - -

Ibaraki 8100 106° 6.8° - - Cluj, RO 8700 255" - - -
Bremen, D 8900 3.58™™ 1.59m™ - -
Vienna, AT 9000 4.8™ - - -
Agen, FR 10,000 9o° - - -

Thyroids Thyroids

Austria 1100 31,600,000 31009 - -

Munich, D 1400 11,400 - - -

Ulm, D 1500 1,200,000°  96° - -

loannina, GR 1500 618" - - -

Birmingham, UK 2200 622 000° 656° - -

United Kingdom 2200 2,000,000 - - -

Japan 8.000 3000V - - - Cluj, RO 8700 180" - - -
Northern Austria 9000 1510PP - - -

Cow milk Cow milk

Kiev, UA 100 - - 027V - Kawamata, JP 46 151294 18.4% - -
Fukushima prefecture 70 5300 20™ - -

Minsk, BY 350 51.6% 85.0¢ - - Ibaraki, JP 130 1700 64" - -

Bratislava, SK 1000 758Y - - - Kyoto, JP 550 - 0.7%° - -

Sweden 1150 10* - - -

Northern Albania 1300 35002 380 - -

Greece 1300 - 130" - -

Bremen, D 1500 40,000°° - - -

United Kingdom 2200 400' 400' - -

Mumbai, IN 5100 2.80 1.10°¢ - -

New York, US 7500 1.54d - - - Hilo, HI, US 6500 0.67 0.70" - -

Taiwan 7600 4° - - -

Nagoya, JP 8000 21¢¢ - - - San Francisco, CA,US 8100 2.9 048" - -
Cluj, RO 8700 0.37" - - -
Bremen, D 8900 0.08"" <0.02" - -

Livermore, CA, US 9800 037" - - - Little Rock, AR, US 10,000 033" - - -
Agen, FR 10,000 0.659"* - - -
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In the first two years after the accident, the direct deposition of
radionuclides on the surface of plant leaves is a more relevant pathway
for human intake than root uptake. Another initially important pathway
for human intake is pasture that is eaten by livestock, causing the
transfer of radionuclides to meat and milk. Although rain is known to
wash out radionuclides efficiently from the atmosphere and to boost
the contamination level of soil, dry deposition causes a higher relative
deposition on the plants and hence a higher surface activity on the
plant surface (Jacobi, 1988). In this respect, the date of the accident on
11 March favored the Fukushima accident because it happened
prior to the main agricultural season. At the time of the Chernobyl
accident (26 April), the season had already begun and radionuclides
were directly deposited on the surface of agricultural plants and
pasture.

For disaster management, the transfer of radionuclides (especially
1311 and ¥7Cs) from dairy cows into milk is of great importance.
Measurements (see Table 3c) and models (Zvonova et al., 2009) show
that 3'[ concentrations in milk after the Chernobyl accident, even in
more remote areas, easily reached or exceeded activity concentrations
of 10000 Bq/L. However, only few radioanalytical data for milk from

regions of the former Soviet Union are available, so the maximum
activity concentrations in the most affected regions are likely to have
been even much higher. Moreover, many people in the contaminated
areas lived autarkical on homegrown vegetables and milk from
privately owned dairy cows. This massively increased their intake of
radionuclides and internal exposure (The Chernobyl Forum, 2006).
Consumption of milk contaminated with '!I has been identified as
dominating the ingestion dose of the local population after the
Chernobyl accident (Diehl, 2003; Prohl et al., 2002). Due to the lack of
radioanalytical equipment and the short half-life of 3!, dose
estimations due to radioiodine in milk and other foodstuff often could
not be performed in a timely manner and had to be estimated at a
later point using the long-lived fission product >l or the correlation
of 11 with ¥7Cs (which often exhibits large fluctuations) (Michel
et al., 2005; Straume et al., 2006). As discussed above, stable iodine
prophylaxis after Chernobyl came too late or was not performed at all.
Warnings not to consume milk from local livestock were issued days
after the accident. Even years after the accident, milk remained the
major route for intake of '*’Cs and contributed more than 50% to the
average intake (Table 4) (Travnikova et al., 2001).

Notes to Table 3c:

- ... not detected or not reported

2Probably late 1990s, leaves (Victorova et al., 2000).

2006, moss (dry mass) (Bisinger, 2009).

€2003, oat (Hippler, 2006).

91990, IAEA Reference material Grass (IAEA-373).

€April 1986 (Teherani, 1987).

"May 1986-May 1987 (milk); 17 May 1986 (grass) (Papastefanou et al., 1988).
8Fall 1986, red currants (Heinzl et al., 1988).

5 May 1986 (Pittauerova et al., 2011).

IMay 1986 (Beiriger et al., 1988).

117 August 1986, Parmelia furfuracea, dry (Barci et al., 1988).
kEnd of May 1986 (Cambray et al., 1987).

'Early May 1986, leafy vegetables and milk (Fry et al., 1986).
™24 May 1986, grass (Mishra, 1990).

"20 May 1986, grass (Mishra, 1990).

°May 1986; cow milk and vegetables (Chung and Lo, 1986).
P15 May 1986, shungiku (Muramatsu et al., 1987).

922 May 1986, roe deer (Tataruch et al., 1988).

"Total activity of a human thyroid 227 Bq measured on 6 May 1986 (Kutschera et al., 1988). Assumed thyroidal mass 20 g (Nishizawa et al., 1988).
521 May 1986, cattle (Ulm); 21 May 1986, sheep (Birmingham) (Van Middlesworth and Loos, 1988).

'3 July 1986, sheep (loannides et al., 1991).
“May 1986, sheep (Sansom, 1989).

V20 May 1986, cattle (Van Middlesworth, 1990).
19 June 1986 (Baratta, 2003).

*22-29 May 1986 (Baratta, 2003); '*’Cs in milk dropped to 2.3 Bq/kg by 24 February 1998 (Baratta, 2003)

Y16 May 1986 (Koprda, 1990).

“Early May 1986 (Devell et al., 1986).

3a5_6 May 1986 (Kedhi, 1990).

bb1986 (Pittauerova et al., 2011).

€23 May 1986 (Mishra, 1990).

dd12-17 May 1986 (Feely et al., 1988)

€€19 May 1986 (Nishizawa et al., 1988).

M4 May 1986 (Beiriger et al., 1988).

810 April 2011, grass (Shozugawa et al,, 2012).

021 December 2011, grass (Steinhauser et al., 2013b).
121 December 2011, grass (Schneider et al., 2013)
123 March 2011, leafy vegetable (Banno et al., 2013).
*k3_14 April 2011, UCB data (Thakur et al., 2013).

114 April 2011 (grass); 23 April 2011 (sheep thyroid); 12 April 2011 (cow milk) (Cosma et al., 2012).

™m13 April 2011 (Pittauerova et al., 2011).

""12 April 2011, grass (Steinhauser et al,, 2013a).
°°30 March 2011, grass (Parache et al., 2011).

PP11 April 2011, European mouflon (Steinhauser et al., 2012).
9IMEXT (Thakur et al,, 2013).

9 and 20 March 2011 (Hamada and Ogino, 2012).
*5(Koizumi et al., 2012).

4 April 2011, US EPA (Thakur et al., 2012).

“5-6 April 2011, US EPA (Thakur et al., 2012).

Y14 April 2011 (Pittauerova et al., 2011).

WW30 March 2011, US EPA (Thakur et al., 2013).

**6 April 2011 (Parache et al,, 2011).
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According to this table, inhabitants of the heavily contaminated
Bryansk region had an average daily intake of more than 1500 Bq
137Cs in the first year after the Chernobyl accident (Travnikova et al.,
2001). According to Japanese scholars, the daily intake of *’Cs was
0.6 Bq for the inhabitants of the Fukushima prefecture, which is the
most contaminated prefecture after the Fukushima nuclear accident
(Koizumi et al., 2012) (note that '>4Cs intake was slightly higher after
Fukushima due to the higher 'Cs/'*’Cs activity ratio). A 2011 study
of inhabitants in that region is in good agreement with these results as
the authors found an average daily intake of 2.5Bq '*’Cs (Harada
etal, 2012).

The contamination with °°Sr and a-emitting actinides outside the
30 km radius zone of Chernobyl was low (though measurable) and
did not contribute significantly to the internal exposure (Cooper et al.,
1992; Diehl, 2003). The short(er)-lived radionuclides '3'I and '**Cs
decayed within the first months or the first decade after the accident,
respectively. Later, longer-lived '*’Cs dominated the contamination of
foodstuff (Table 4). Wild mushrooms accumulate radiocesium to a
great extent and lead to remarkable activity concentrations beyond
100,000 Bq/kg (Cooper et al., 1992), which poses additional risk to the
inhabitants (Travnikova et al., 2001), who have a long tradition in
collecting forest mushrooms.

Although it is difficult to come to ultimate conclusions for every
individual of the affected Japanese population in affected areas, recent
literature (Hayano et al., 2013; Normile, 2013) indicates that the efforts
to keep above-limit contaminated food off the market after the
Fukushima accident were successful. Japanese authorities ordered the
analysis of thousands of food samples immediately after the accident
as well as an efficient monitoring network (Hamada and Ogino,
2012; Hamada et al., 2012; Merz et al., 2013). In order to increase
the throughput of samples, universities and research institutes
participated in the monitoring campaigns. The measurements were
further accelerated by assuming intrinsic co-existence of gamma-
emitting radiocesium (which can be determined quickly) with other
radionuclides such as °Sr (a pure beta emitter) and a-emitting
actinides (primarily 23° * 24°Pu) (Merz et al., 2013). For both ®°Sr and
239 + 240py, this approach was found to be correct (Schneider et al.,
2013; Steinhauser et al, 2013b). Since the emissions of %°Sr and
plutonium from Fukushima Daiichi were found to be negligible, the
new regulatory limits did not include these radionuclides. The
regulatory limits in place for food immediately after the accident were
more restrictive than European limits, and since then have been further
reduced (Merz et al,, 2013).

Hayano et al. (2013) investigated the internal >’Cs exposure of
almost 33000 Fukushima residents using whole-body counters. They
found very low radiocesium concentrations in the bodies of Miharu-
town school children (50 km west of Fukushima NPP) under the age
of 15: in winter 2011, 54 of 1494 tested children (coverage of 94.3%)
had detectable radiocesium levels, reaching up to 1400 Bq/body. The
activity in the vast majority of the children did not exceed the detection
limit of 300Bq/body. In fall 2012, none of 1383 tested children
(coverage 95.0%) exceeded the detection limit. Four senior residents,
however, showed *’Cs levels of up to 12240 Bq/body, causing a
maximum committed effective dose of 1.06 mSv. After the Chernobyl
accident such levels of contamination were frequently observed
throughout the population. Similar to the Chernobyl experience, the
source of the high levels in the four adults from Fukushima prefecture
was the consumption of wild mushrooms, wild boar meat and
freshwater fish they had obtained themselves, bypassing the mandatory
food monitoring in markets (Normile, 2013).

8. Mutual characteristics of both accidents
Both accidents at Chernobyl and Fukushima involved civil power

reactors and caused the release of mainly volatile radionuclides. Beyond
these most obvious technological common grounds, the accidents have

some interesting mutual socioeconomic characteristics. Both accidents
were comparable in their public perception, causing widespread loss
of trust in nuclear technology, perhaps beyond a scale some nuclear
scientists would have accepted as justified. Both accidents also had a
strong political dimension: Chernobyl, for example, ultimately resulted
in a cessation of the Austrian nuclear power program (Khan et al.,
2010); Fukushima initiated Germany's abandoning of nuclear energy
(Gross, 2011). Both accidents initiated public mistrust in governmental
actions in the aftermath of the disasters (Normile, 2013).

Both accidents also had a health dimension beyond the radiological
risk. The Chernobyl Forum reported, “Life expectancy has declined
precipitously, particularly for men, and in the Russian Federation
stood at an average of 65 in 2003 (just 59 years for men). The main
causes of death in the Chernobyl-affected region are the same as those
nationwide — cardiovascular diseases, injuries, and poisonings — rather
than any radiation-related illnesses. The most pressing health concerns
for the affected areas thus lie in poor diet and lifestyle factors such as
alcohol and tobacco use, as well as poverty and limited access to health
care” (The Chernobyl Forum, 2006). Nature pointedly concluded from
this paragraph that poverty, anxiety, depression, and stress “posed
bigger threat than radiation” (Valeska, 2005), which initiated a public
controversy (Mousseau et al, 2005). However, other authors also
reported on long-term psychological effects caused by the accident
(Adams et al., 2011; Bromet et al.,, 2011a; Bromet, 2012; UNSCEAR,
2008). Bromet et al. (2011b) state that “mental health effects were the
most significant public health consequence of the accident”. Similarly,
Michel and Voigt (2006) conclude that the socio-ethical and political
consequences of Chernobyl outweighed the effects of radiation.

For Fukushima, similar effects are possible and in part already visible
(Von Hippel, 2011). Brumfiel (2013) discusses case studies that led him
to conclude that “Japan kept people safe from the physical effects of
radiation — but not from the psychological impacts.” Such impacts
include effects such as anxiety, fear, depression but also unexplained
physical symptoms. They may have been triggered or enhanced by
widespread mistrust of the Japanese Government (Brumfiel and
Fuyuno, 2012; Ten Hoeve and Jacobson, 2012). Psychological effects
and posttraumatic stress response, however, were not restricted to the
evacuees and the normal population alone, they also occurred in
workers at the Fukushima NPP (Shigemura et al., 2012a, 2012b). Fear
of radiation also caused many under 40 to move out of the affected
areas in Japan, which not only caused a significant depopulation but
also a rapid aging of the remaining population, as shown for
Minamisoma City (Ishikawa et al., 2012). Among the evacuees, three-
fourths of the affected families still live in separation, because one
parent works in a more contaminated area, whereas the other parent
and the children moved elsewhere.

While writing this review and searching for literature, we also
encountered one interesting and unexpected similarity in the scientific
evaluation of both accidents: a significant portion of literature is written
in the respective mother-language of the affected countries (Russian
and Japanese, respectively), which makes the dissemination of scientific
results within the radiological and radioecological community difficult.
The database SciFinder® currently lists 10,974 results for the search
term “Chernobyl” (1986-2013). 20% (2193) of these papers are written
in Russian. For the search term “Fukushima” (2011-2013), currently
1738 results are listed, of which 22% (385) are written in Japanese. In
terms of communicating the lessons to be learned by the community,
we encourage researchers from Japan and from the former Soviet
Union, to seek help publishing their results in English.

9. Conclusion

In summary, the environmental and radiological consequences
caused by the Chernobyl nuclear accident clearly exceeded those of the
Fukushima accident in almost every respect. In 2006, IAEA classified the
Chernobyl nuclear accident as the “foremost nuclear catastrophe in
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Table 3d
Selected maximum radionuclide concentrations in soil after the accidents of Chernobyl and Fukushima, arranged by distance from the NPPs (activities in Bq-kg ' at the time of sampling/
measurement).

Chernobyl Fukushima
Location Distanceto  *'1  1%¥Cs 905 239+ 240py  [ocation Distance to I 137¢s 905 239 + 240py
NPP (km) NPP (km)

Pripyat/Yanov, UA 4 - 1,239,000 420,000° - Fukushima Daiichi, JP 0.88 49,000 1,790,000™ 1070™ <2211"

Novo-Shepelichi, UA 5 - - - 314¢ Fukushima Daiichi, JP 43 10,000 2,740,000™ 232™  <05"

Christogalovka, UA 5 - 74,000¢ 36,0000 - Jvillage 20 20,030° 11,480° - -
Kawamata, JP 40 2810° 9380° - -

Christinovka/Polesskoye, UA 64 - 15,000¢ 1304 17.8¢ Fukushima prefecture 60 - 3254 - -

Kupetsch, UA 100 - 3460" 44° 1.141¢ Sendai, JP 95 - 5000™ <3m -

Minsk, BY 350 - 257.48 - - Kashiwa, JP 195 - 421,000™ 35™ <0.53"

Vocklabruck, AT 1250 - 506" - -

Athens, GR 1600 - 22,000° - -

Mercantour Mass., FR 1900 - 1500/ - -

Mumbai, IN 5100 146 9.5* - - Mekong River Delta, VN 4700 - 35" - -
Bremen, D 8900 0.068° 3.00° - -
Vienna, AT 9000 <04* 214" - -

... not detected or not reported.

21992 (Konoplyova et al.,, 1993).

b (Victorova et al., 2000).

€ 1996 (Hippler, 2006).

4 (Malek et al,, 2001).

€ 2003 (Hippler, 2006).

' Summer 1996 (Filss et al., 1998).

& 25 February 1992 (Baratta, 2003).

" April 1992 (Steinhauser et al., 2013a).

i May-November 1986 (Simopoulos, 1989).

3 June 2002 (Rezzoug et al., 2006).

k' 26 May 1986 (Mishra, 1990).

' 10 April 2011 (Shozugawa et al., 2012).

™ 21 December 2011 (Steinhauser et al., 2013b).
" 21 December 2011 (Schneider et al,, 2013).

© 20 April, 2011 (Tagami et al., 2011).

P 28 April 2011 (Kato et al,, 2012).

4 (Oshita et al., 2013).

" 29-31 October 2011, Coastal sediment of the Mekong River Delta (Kanai et al., 2013).
* 4 April 2011 (Pittauerova et al,, 2011).

© 12 April 2011, please note that no '**Cs was detected (old Chernobyl, fallout '3’Cs) (Steinhauser et al., 2013a).

Table 4
Cesium-137 contamination in selected food products collected after the Chernobyl accident in Veprin (Bryansk region, Russian Federation) from 1994 to 1998 and average daily intake (Bq
per day) of '*’Cs from various foods by the inhabitants of Veprin. Data taken from Travnikova et al. (2001).

Product Average '*’Cs conc. (Bq-kg™') Average daily intake
1987 1990 1993 1996
Bq/d % Bq/d % Bq/d % Bq/d %
Cow milk 315 1109 70.2 175 57 240 62.8 166 54.3
Meat 680 (beef) 190 12.0 33 10.7 36 94 35 115
194 (pork)
Eggs N.R. 13 0.8 1.2 04 23 0.6 0.9 03
Potatoes 45 122 7.7 24 78 21 55 21 6.9
Other vegetables 29 (carrots) 44 2.8 5.2 1.7 6.1 1.6 5.8 19
24 (beet)
35 (cabbage)

21 (tomatoes)
67 (haricot beans)
126 (sorrel)
Fruits 13 (apples) 6.3 04 0.1 0.03 1.1 03 2.1 0.7
3720 (wild bilberry)
190 (raspberry)
Wild mushrooms 2550 (chanterelle) 66 42 66 215 66 173 66 216
14,500 (boletus luteus)
8980 (russula)
Fish 110 (roach) 28 18 25 0.8 9.5 25 8.9 29
240 (pike)
252 (river crucian)
730 (lake crucian)
141 (perch)
96 (tench)
Total 1580 100 307 100 382 100 306 100

N.R. Not reported.
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human history” (The Chernobyl Forum, 2006); a perception that still
remains valid even after the Fukushima nuclear accident. Although
the Fukushima accident involved four reactors and the Chernobyl
accident “only” one, we estimate the total release of radionuclides
from Fukushima NPP (approximately 520 PBq) to be approximately
one order of magnitude lower than the release from Chernobyl
(approximately 5300 PBq) (UNSCEAR, 2000). Consequently, the
contamination levels in all relevant biota (air, rainwater, soil,
vegetation, cow milk and animal thyroids) were in the vast majority
of cases significantly higher after the Chernobyl accident than after
Fukushima, when the distance to the reactors is taken into account.
Also, the size of the evacuation areas and the highly contaminated
areas are much larger around Chernobyl compared to Fukushima.
Most importantly, the projected number of radiation-induced casualties
or cancer morbidities amongst the Fukushima emergency workers and
the population is too low for direct observation in epidemiological
studies due to the lack of statistical significance of the expected small
increase in the number of cancer cases. This is in stark contrast to
Chernobyl, where several thousand (thyroid) cancer cases can be
attributed to radiation effects among children, adolescents and since
recently an increase in leukemia cases among the “liquidators”. Food
safety campaigns after the Fukushima accident have proven their
efficiency keeping most of the contaminated food off the market. In
contrast, inhabitants of affected zones around Chernobyl continued
consuming local products (especially milk) until a great deal of harm
had been done before warnings were issued. Due to lower radiation
levels after the Fukushima accident, no cases of acute radiation
syndrome were reported among workers compared to the 134
confirmed cases of ARS after Chernobyl. Fukushima did not cause any
casualties due to acute radiation, whereas the very high levels of
radiation at Chernobyl caused the death of approximately 50 persons.
Socioeconomic effects, such as widespread mistrust in nuclear
technology as well as non-radiation-induced diseases such as anxiety,
depressions, or posttraumatic stress are likely to be the most significant
effects from both accidents.

Acknowledgments

This publication was supported by Grant Number T420H009229-07
from CDC NIOSH Mountain and Plains Education and Research Center.
Its contents are solely the responsibility of the authors and do not
necessarily represent the official views of the CDC NIOSH and MAP ERC.

Appendix A. Supplementary data

Supplementary data associated with this article can be found in the
online version, at http://dx.doi.org/10.1016/j.scitotenv.2013.10.029.
These data include Google maps of the most important areas described
in this article.

References

Adams RE, Guey LT, Gluzman SF, Bromet EJ. Psychological well-being and risk perceptions
of mothers in Kyiv, Ukraine, 19 years after the Chornobyl disaster. Int ] Soc Psychiatry
2011;57:637-45.

Agapkina GI, Tikhomirov FA, Shcheglov Al, Kracke W, Bunzl K. Association of
Chernobyl-derived Pu-239 + 240, Am-241, Sr-90 and Cs-137 with organic matter
in the soil solution. ] Environ Radioact 1995;29:257-609.

Ahlswede ], Hebel S, Ross JO, Schoetter R, Kalinowski MB. Update and improvement of the
global krypton-85 emission inventory. ] Environ Radioact 2013;115:34-42.

Akiba S. Epidemiological studies of Fukushima residents exposed to ionising radiation
from the Fukushima Daiichi Nuclear Power Plant prefecture — a preliminary review
of current plans. ] Radiol Prot 2012;32:1-10.

Aldahan A, Alfimov V, Possnert G. '>°I anthropogenic budget: major sources and sinks.
Appl Geochem 2007;22:606-18.

Amano H, Akiyama M, Chunlei B, Kawamura T, Kishimoto T, Kuroda T, et al. Radiation
measurements in the Chiba Metropolitan Area and radiological aspects of fallout
from the Fukushima Dai-ichi Nuclear Power Plants accident. ] Environ Radioact
2012;111:42-52.

Andersson KG, Roed J. Estimation of doses received in a dry-contaminated residential area
in the Bryansk region, Russia, since the Chernobyl accident. ] Environ Radioact
2006;85:228-40.

Anspaugh LR, Catlin RJ, Goldman M. The global impact of the Chernobyl reactor accident.
Science 1988;242:1513-9.

Arvela H, Markkanen M, Lemmeld H. Mobile survey of environmental gamma radiation
and fallout levels in Finland after the Chernobyl accident. Radiat Prot Dosimetry
1990;32:177-84.

Banno Y, Namikawa M, Miwa M, Ban S, Orito T, Semura S, et al. Monitoring of radioactive
substances in foods distributed in Kyoto, Japan (1991-2011). — comparison of
detection rates and concentrations before and after the Fukushima Daiichi Nuclear
Power Plant accident. Shokuhin Eiseigaku Zasshi 2013;54:178-87.

Baratta EJ. Determination of radionuclides in foods from Minsk, Belarus, from Chernobyl
to the present. Czech ] Phys 2003;53:A31-7.

Barci G, Dalmasso ], Ardisson G. Chernobyl fallout measurements in some Mediterranean
biotas. Sci Total Environ 1988;70:373-87.

Batarekh MK, Teherani DK. Determination of strontium-90 in various kinds of water after
Chernobyl accident in Austria. ] Radioanal Nucl Chem Lett 1987;108:133-8.

Behrens E, Schwarzkopf FU, Liibbecke JF, Boning CW. Model simulations on the long-term
dispersal of *’Cs released into the Pacific Ocean off Fukushima. Environ Res Lett
2012;7. [034004/1-/10].

Beiriger JM, Failor RA, Marsh KV, Shaw GE. Radioactive fallout from the Chernobyl nuclear
reactor accident. ] Radioanal Nucl Chem 1988;123:21-37.

Bernhardsson C, Zvonova I, Raeaef C, Mattsson S. Measurements of long-term
external and internal radiation exposure of inhabitants of some villages of the
Bryansk region of Russia after the Chernobyl accident. Sci Total Environ
2011;409:4811-7.

Beyea J, Lyman E, von Hippel FN. Accounting for long-term doses in “Worldwide health
effects of the Fukushima Daiichi nuclear accident”. Energy Environ Sci 2013;6:
1042-5.

Bisinger T. Bestimmung von Plutonium-Isotopen in der Umwelt mittels Alphaspektrometrie
und AMS (in German). Hannover: Gottfried Wilhelm Leibniz Universitit Hannover;
2009.

Blandford ED, Ahn ]. Examining the nuclear accident at Fukushima Daiichi. Elements
2012;8:189-94.

Boice JDJ. Radiation epidemiology: a perspective on Fukushima. ] Radiol Prot 2012;32:
N33-40.

Bolsunovsky A, Dementyev D. Evidence of the radioactive fallout in the center of Asia
(Russia) following the Fukushima Nuclear Accident. ] Environ Radioact 2011;102:
1062-4.

Bossew P, Falkner T, Henrich E, Kienzl K. Cisiumbelastung der Béden Osterreichs
(Contamination of Austrian soils by Caesium-137). Wien: Umweltbundesamt;
1995.

Braun M. The Fukushima Daiichi incident, oral presentation given for Areva; 2011.

Bromet EJ. Mental health consequences of the Chernobyl disaster. ] Radiol Prot 2012;32:
N71-5.

Bromet EJ, Guey LT, Taormina DP, Carlson GA, Havenaar JM, Kotov R, et al. Growing up in
the shadow of Chornobyl: adolescents' risk perceptions and mental health. Soc
Psychiatry Psychiatr Epidemiol 2011a;46:393-402.

Bromet EJ, Havenaar JM, Guey LT. A 25 year retrospective review of the psychological
consequences of the Chernobyl accident. Clin Oncol 2011b;23:297-305.

Brumfiel G. Fukushima: fallout of fear. Nature (London, U. K.) 2013;493:290-3.

Brumfiel G, Fuyuno I. Japan's nuclear crisis: Fukushima's legacy of fear. Nature (London,
U. K.) 2012;483:138-40.

Buesseler K, Aoyama M, Fukasawa M. Impacts of the Fukushima Nuclear Power Plants on
marine radioactivity. Environ Sci Technol 2011;45:9931-5.

Buesseler KO, Jayne SR, Fisher NS, Rypina I, Baumann H, Baumann Z, et al. Fukushima-
derived radionuclides in the ocean and biota off Japan. Proc Natl Acad Sci U S A
2012;109:5984-8.

Bunzl K, Hoetzl H, Rosner G, Winkler R. Unexpectedly slow decrease of Chernobyl-derived
radiocesium in air and deposition in Bavaria/Germany. Naturwissenschaften 1995;82:
417-20.

Cambray RS, Cawse PA, Garland JA, Gibson JAB, Johnson P, Lewis GNJ, et al. Observations
on radioactivity from the Chernobyl accident. Nucl Energy 1987;26:77-101.

Cardis E, Hatch M. The Chernobyl accident — an epidemiological perspective. Clin Oncol
2011;23:251-60.

Cardis E, Krewski D, Boniol M, Drozdovitch V, Darby SC, Gilbert ES, et al. Estimates of the
cancer burden in Europe from radioactive fallout from the Chernobyl accident. Int ]
Cancer 2006;119:1224-35.

Casacuberta N, Masqué P, Garcia-Orellana ], Garcia-Tenorio R, Buesseler KO. *°Sr and 89Sr
in seawater off Japan as a consequence of the Fukushima Dai-ichi nuclear accident.
Biogeosci Discuss 2013;10:2039-67.

Chino M, Nakayama H, Nagai H, Terada H, Katata G, Yamazawa H. Preliminary estimation
of release amounts of '*'I and '*’Cs accidentally discharged from the Fukushima
Daiichi nuclear power plant into the atmosphere. ] Nucl Sci Technol 2011;48:
1129-34.

Chung C, Lo JG. Radioactive iodine-131 over Taiwan after the Chernobyl accident. ]
Radioanal Nucl Chem 1986;105:325-33.

Cooper EL, Zeiller E, Ghods-Esphahani A, Makarewicz M, Schelenz R, Frindik O, et al.
Radioactivity in food and total diet samples collected in selected settlements in the
USSR. ] Environ Radioact 1992;17:147-57.

Cosma C, Iurian AR, Nita DC, Begy R, Cindea C. Indicators of the Fukushima radioactive
release in NW Romania. ] Environ Radioact 2012;114:94-9.

Daraoui A, Michel R, Gorny M, Jakob D, Sachse R, Synal HA, et al. lodine-129, lodine-127
and Caesium-137 in the environment: soils from Germany and Chile. ] Environ
Radioact 2012;112:8-22.


http://dx.doi.org/10.1016/j.scitotenv.2013.10.029
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0005
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0005
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0005
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0005
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0010
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0010
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0010
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0010
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0010
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0015
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0015
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0020
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0020
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0020
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0025
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0025
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0025
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0030
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0030
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0030
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0030
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0035
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0035
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0035
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0040
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0040
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0045
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0045
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0045
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0050
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0050
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0050
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0050
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0055
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0055
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0060
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0060
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0065
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0065
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0960
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0960
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0960
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0960
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0070
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0070
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0075
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0075
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0075
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0075
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0080
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0080
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0080
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0085
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0085
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0085
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0090
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0090
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0095
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0095
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0100
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0100
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0100
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0105
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0105
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0105
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0965
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0125
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0125
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0115
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0115
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0115
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0120
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0120
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0120
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0970
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0975
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0975
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0130
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0130
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0135
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0135
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0135
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0140
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0140
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0140
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0145
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0145
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0155
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0155
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0150
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0150
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0150
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0160
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0160
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0160
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0160
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0160
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0165
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0165
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0165
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0165
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0165
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0165
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0170
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0170
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0175
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0175
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0180
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0180
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0185
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0185
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0185

G. Steinhauser et al. / Science of the Total Environment 470-471 (2014) 800-817 815

De Cort M, Dubois G, Fridman SD, Germenchuk MG, Izrael YA, Janssens A, et al. Atlas of
cesium deposition on Europe after the Chernobyl accident. EUR Report Nr. 16733.
Brussels-Luxemburg: Office for Official Publications of the European Communities;
ECSC-EEC-EAEC; 1998.

Devell L, Tovedal H, Bergstrom U, Appelgren A, Chyssler ], Andersson L. Initial observations
of fallout from the reactor accident at Chernobyl. Nature 1986;321:192-3.

Diaz Leon J, Jaffe DA, Kaspar ], Knecht A, Miller ML, Robertson RGH, et al. Arrival time and
magnitude of airborne fission products from the Fukushima, Japan, reactor incident
as measured in Seattle, WA, USA. ] Environ Radioact 2011;102:1032-8.

Dickman PW, Holm LE, Lundell G, Boice Jr JD, Hall P. Thyroid cancer risk after thyroid
examination with ''I: a population-based cohort study in Sweden. Int J Cancer
2003;106:580-7.

Diehl JF. Radioaktivitdt in Lebensmitteln (in German). Weinheim: Wiley-VCH; 2003.

Dreicer M, Aarkrog A, Alexakhin R, Anspaugh L, Arkhipov NP, Johansson K-J.
Consequences of the Chernobyl accident for the natural and human environments.
In: EC, IAEA & WHO, editors. One decade after Chernobyl: summing up the
consequences of the accident. Vienna: IAEA; 1996. p. 319-61.

Endo S, Kimura S, Takatsuji T, Nanasawa K, Imanaka T, Shizuma K. Measurement of soil
contamination by radionuclides due to the Fukushima Dai-ichi Nuclear Power Plant
accident and associated estimated cumulative external dose estimation. ] Environ
Radioact 2012;111:18-27.

Erlandsson B, Asking L, Swietlicki E. Detailed early measurements of the fallout in Sweden
from the Chernobyl accident. Water Air Soil Pollut 1987;35:335-46.

Evangeliou N, Balkanski Y, Cozic A, Moeller AP. Global transport and deposition of *’Cs
following the Fukushima Nuclear Power Plant Accident in Japan: emphasis on
Europe and Asia using high-resolution model versions and radiological impact
assessment of the human population and the environment using interactive tools.
Environ Sci Technol 2013;47:5803-12.

Feely HW, Helfer IK, Juzdan ZR, Klusek CS, Larsen R}, Leifer R, et al. Fallout in the New York
metropolitan area following the Chernobyl accident. ] Environ Radioact 1988;7:
177-91.

Filss M, Botsch W, Handl ], Michel R, Slavov VP, Borschtschenko VV. A fast method for the
determination of strontium-89 and strontium-90 in environmental samples and its
application to the analysis of strontium-90 in Ukrainian soils. Radiochim Acta
1998;83:81-92.

Fry FA, Clarke RH, O'Riordan MC. Early estimates of UK radiation doses from the
Chernobyl reactor. Nature 1986;321:193-5.

Furukawa K, Preston D, Funamoto S, Yonehara S, Ito M, Tokuoka S, et al. Long-term trend
of thyroid cancer risk among Japanese atomic-bomb survivors: 60 years after
exposure. Int ] Cancer 2013;132:1222-6.

Gaschak SP, Makliuk YA, Maksimenko AM, Bondarkov MD, Chizhevsky I, Caldwell EF,
et al. Frequency distributions of °°Sr and '*’Cs concentrations in an ecosystem of
the “Red Forest” Area in the Chernobyl Exclusion Zone. Health Phys 2011;101:
409-15.

Gattavecchia E, Ghini S, Tonelli D. Fallout from Chernobyl in Bologna and its environs:
radioactivity in airborne, rain water and soil. ] Radioanal Nucl Chem 1989;133:
407-19.

Grishanin EL The role of chemical reactions in the Chernobyl accident. Phys At Nucl
2010;73:2296-300.

Gross M. Energy U-turn in Germany. Curr Biol 2011;21:R379-81.

Hamada N, Ogino H. Food safety regulations: what we learned from the Fukushima
nuclear accident. ] Environ Radioact 2012;111:83-99.

Hamada N, Ogino H, Fujimichi Y. Safety regulations of food and water implemented
in the first year following the Fukushima nuclear accident. ] Radiat Res 2012;53:
641-71.

Harada KH, Fujii Y, Adachi A, Tsukidate A, Asai F, Koizumi A. Dietary intake of radiocesium
in adult residents in Fukushima prefecture and neighboring regions after the
Fukushima Nuclear Power Plant Accident: 24-h food-duplicate survey in December
2011. Environ Sci Technol 2012;47:2520-6.

Hayano RS, Tsubokura M, Miyazaki M, Satou H, Sato K, Sakuma Y. Internal radiocesium
contamination of adults and children in Fukushima 7 to 20 months after the
Fukushima NPP accident as measured by extensive whole-body-counter survey.
Proc Jpn Acad Ser B 2013;89:157-63.

Hazama R, Matsushima A. Measurement of fallout with rain in Hiroshima and several
sites in Japan from the Fukushima reactor accident. | Radioanal Nucl Chem
2013;297:469-75.

Heidenreich WF, Kenigsberg ], Jacob P, Buglova E, Goulko G, Paretzke HG, et al. Time
trends of thyroid cancer incidence in Belarus after the Chernobyl accident. Radiat
Res 1999;151:617-25.

Heinzl ], Korschinek G, Nolte E. Some measurements on Chernobyl fallout. Phys Scr
1988;37:314-6.

Higuchi H, Fukatsu H, Hashimoto T, Nonaka N, Yoshimizu K, Omine M, et al. Radioactivity
in surface air and precipitation in Japan after the Chernobyl accident. ] Environ
Radioact 1988;6:131-44.

Hippler S. Strahlenexposition durch anthropogene Actinoide in der nérdlichen Ukraine (in
German). Hannover, Germany: Gottfried Wilhelm Leibniz Universitit Hannover;
2006.

Hirose K. 2011 Fukushima Dai-ichi nuclear power plant accident: summary of regional
radioactive deposition monitoring results. ] Environ Radioact 2012;111:13-7.

Holgye Z. Plutonium isotopes in surface air of Prague in 1986-2006. ] Environ Radioact
2008;99:1653-5.

Holm E, Rioseco ], Pettersson H. Fallout of transuranium elements following the
Chernobyl accident. ] Radioanal Nucl Chem 1992;156:183-200.

Hou X, Povinec PP, Zhang L, Shi K, Biddulph D, Chang C-C, et al. lodine-129 in seawater
offshore Fukushima: distribution, inorganic speciation, sources, and budget. Environ
Sci Technol 2013;47:3091-8.

Huh C-A, Hsu S-C, Lin C-Y. Fukushima-derived fission nuclides monitored around
Taiwan: free tropospheric versus boundary layer transport. Earth Planet Sci Lett
2012;319-320:9-14.

IAEA. Facts: the accident was by far the most devastating in the history of nuclear power.
http://www.iaea.org/Publications/Booklets/Chernoten/facts.html, 1996. [Accessed:
March 2013].

ICRP. Limits for intakes of radionuclides by workers (International Commission on
Radiological Protection). Ann ICRP 1979;2:1-116.

ICRP. The 2007 Recommendations of the International Commission on Radiological
Protection (ICRP publication 103). Ann ICRP 2007;37:1-332.

International Atomic Energy Agency. Medical aspects of the Chernobyl accident. Vienna:
[IAEA; 1989.

International Atomic Energy Agency. The International Chernobyl Project — summary
brochure. Vienna: IAEA; 1991.

Ioannides KG, Pakou AA, Papadopoulou CV. Radioiodine retention in ovine thyroids in
Northwestern Greece following the reactor accident at Chernobyl. Health Phys
1991;60:517-21.

Irlweck K, Wicke J. Isotopic composition of plutonium immissions in Austria after the
Chernobyl accident. ] Radioanal Nucl Chem 1998;227:133-6.

Irlweck K, Khademi B, Henrich E, Kronraff R. 22°(40)238py 90gy 103Ry and '37Cs
concentrations in surface air in Austria due to dispersion of Chernobyl releases over
Europe. ] Environ Radioact 1993;20:133-48.

Ishida ], Miyagawa N, Watanabe H, Asano T, Kitahara Y. Environmental radioactivity
around Tokai-Works after the reactor accident at Chernobyl. ] Environ Radioact
1988;7:17-27.

Ishikawa K, Kanazawa Y, Morimoto S, Takahashi T. Depopulation with rapid aging in
Minamisoma City after the Fukushima Daiichi nuclear power plant accident. ] Am
Geriatr Soc 2012;60:2357-8.

Israelsson S, Knudsen E. Effects of radioactive fallout from a nuclear power plant accident
on electrical parameters. ] Geophys Res Atmos 1986;91:11909-10.

Ivanov VK, Kashcheev VV, Chekin SY, Maksioutov MA, Tumanov KA, Vlasov OK, et al.
Radiation-epidemiological studies of thyroid cancer incidence in Russia after the
Chernobyl accident (estimation of radiation risks, 1991-2008 follow-up period).
Radiat Prot Dosimetry 2012;151:489-99.

Jacob P, Rithm W, Paretzke HG. Die gesundheitlichen Auswirkungen. Phys ] 2006;5:43-9.
(in German).

Jacobi W. Strahlenexposition und Strahlenrisiko der Bevélkerung durch den
Tschernobyl-Unfall (Radiation exposure and radiation risk of the population from
the Chernobyl accident). Phys Bldtter 1988;44:240-6. (in German).

Jaworowski Z, Kownacka L. Tropospheric and stratospheric distributions of radioactive
iodine and cesium after the Chernobyl accident. ] Environ Monit 1988;6:145-50.
Jaworowski Z, Hoff P, Hagen ]JO, Maczek W. A highly radioactive Chernobyl deposit in a

Scandinavian glacier. ] Environ Radioact 1997;35:91-108.

Kanai Y, Saito Y, Tamura T, Nguyen VL, Ta TKO, Sato A. Sediment erosion revealed by
study of Cs isotopes derived from the Fukushima Dai-ichi nuclear power plant
accident. Geochem | 2013;47:79-82.

Kashparov VA, Lundin SM, Khomutinin YV, Kaminsky SP, Levchuk SE, Protsak VP, et al.
Soil contamination with Sr-90 in the near zone of the Chernobyl accident. ] Environ
Radioact 2001;56:285-98.

Kashparov VA, Lundin SM, Zvarych SI, Yoshchenko VI, Levchuk SE, Khomutinin YV, et al.
Territory contamination with the radionuclides representing the fuel component of
Chernobyl fallout. Sci Total Environ 2003;317:105-19.

Kato H, Onda Y, Teramage M. Depth distribution of '*’Cs, 134Cs, and "I in soil profile after
Fukushima Dai-ichi Nuclear Power Plant Accident. ] Environ Radioact 2012;111:59-64.

Kawamura H, Kobayashi T, Furuno A, In T, Ishikawa Y, Nakayama T, et al. Preliminary
numerical experiments on oceanic dispersion of '*'I and '*’Cs discharged into the
ocean because of the Fukushima Daiichi nuclear power plant disaster. ] Nucl Sci
Technol 2011;48:1349-56.

Kazakov VS, Demidchik EP, Astakhova LN. Thyroid-cancer after Chernobyl. Nature
1992;359:21.

Kedhi M. Aerosol, milk and wheat flour radioactivity in Albania caused by the Chernobyl
accident. J Radioanal Nucl Chem 1990;146:115-24.

Khan R, Bock H, Villa M. The status and patterns of nuclear education in an anti-nuclear
environment, Austria. Int ] Nucl Knowl Manag 2010;4:211-9.

Kim C-K, Byun J-I, Chae J-S, Choi H-Y, Choi S-W, Kim D-J, et al. Radiological impact in
Korea following the Fukushima nuclear accident. ] Environ Radioact 2012;111:70-82.

Kinoshita N, Sueki K, Sasa K, Kitagawa J-I, Ikarashi S, Nishimura T, et al. Assessment of
individual radionuclide distributions from the Fukushima nuclear accident covering
central-east Japan. Proc Natl Acad Sci U S A 2011;108:19526-9.

Kirchner G, Noack CC. Core history and nuclide inventory of the Chernobyl core at the
time of accident. Nucl Saf 1988;29:1-5.

Kirchner G, Bossew P, De CM. Radioactivity from Fukushima Dai-ichi in air over
Europe; part 2: what can it tell us about the accident? ] Environ Radioact
2012;114:35-40.

Kobayashi T, Nagai H, Chino M, Kawamura H. Source term estimation of atmospheric
release due to the Fukushima Dai-ichi Nuclear Power Plant accident by atmospheric
and oceanic dispersion simulations. ] Nucl Sci Technol 2013;50:255-64.

Koizumi A, Harada KH, Niisoe T, Adachi A, Fujii Y, Hitomi T, et al. Preliminary
assessment of ecological exposure of adult residents in Fukushima Prefecture
to radioactive cesium through ingestion and inhalation. Environ Health Prev
Med 2012;17:292-8.

Konoplyova AA, Zseltonozskaya LV, Conger BV, Grodzinsky DM. In vitro response of
Dactylis glomerata leaf segments as affected by growing donor plants in radioactive
soil. Environ Exp Bot 1993;33:501-4.

Koprda V. Dry, wet and cumulative fallout and milk contamination in Bratislava
(Czechoslovakia) after the Chernobyl accident. ] Radioanal Nucl Chem 1990;146:323-31.


http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0980
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0980
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0980
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0980
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0190
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0190
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0195
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0195
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0195
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0200
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0200
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0200
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0200
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0205
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0985
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0985
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0985
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0215
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0215
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0215
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0215
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0225
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0225
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0230
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0230
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0230
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0230
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0230
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0230
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0235
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0235
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0235
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0240
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0240
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0240
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0240
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0245
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0245
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0250
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0250
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0250
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0250
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0255
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0255
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0255
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0255
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0255
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0260
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0260
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0260
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0265
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0265
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0990
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0275
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0275
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0280
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0280
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0280
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0285
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0285
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0285
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0285
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0290
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0290
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0290
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0290
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0290
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0295
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0295
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0295
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0300
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0300
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0300
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0305
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0305
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0315
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0315
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0315
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0320
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0320
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0320
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0325
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0325
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0330
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0330
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0335
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0335
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0340
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0340
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0340
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0345
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0345
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0345
http://www.iaea.org/Publications/Booklets/Chernoten/facts.html
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1000
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1000
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1005
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1005
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0350
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0350
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0355
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0355
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0360
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0360
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0360
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0370
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0370
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0365
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0365
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0365
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0365
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0365
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0365
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0365
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0375
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0375
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0375
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0380
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0380
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0380
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0385
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0385
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0390
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0390
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0390
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0395
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0395
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0400
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0400
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0400
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0405
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0405
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0410
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0410
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0415
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0415
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0415
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0420
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0420
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0425
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0425
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0430
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0430
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0430
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0430
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0430
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0435
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0435
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0435
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0435
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0435
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0435
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1010
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1010
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0440
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0440
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0445
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0445
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0450
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0450
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0455
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0455
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0455
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0460
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0460
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0465
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0465
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0465
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0470
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0470
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0470
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0475
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0475
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0475
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0475
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0480
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0480
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0480
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0485
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0485

816 G. Steinhauser et al. / Science of the Total Environment 470-471 (2014) 800-817

Korobova E, Ermakov A, Linnik V. '*’Cs and °°Sr mobility in soils and transfer in soil-plant
systems in the Novozybkov District affected by the Chernobyl accident. Appl
Geochem 1998;13:803-14.

Krinitsyn AP, Pazukhin EM. Liquid-scintillation method for determining °°Sr and the
results from the analysis of soil samples in Belarus and the Ukraine. Radiokhimiya
1995;37:187-92.

Kuriny VD, Ivanov YA, Kashparov VA, Loshchilov NA, Protsak VP, Yudin EB, et al.
Particle-associated Chernobyl fallout in the local and intermediate zones. Ann Nucl
Energy 1993;20:415-20.

Kuroda PK, Jiang FS, Salaymeh S. Radioactive iodine and plutonium fallout from the 1986
Chernobyl event. Radiochim Acta 1989;47:195-7.

Kutschera W, Fink D, Paul M, Hollos G, Kaufman A. Measurement of the
iodine-129/iodine-131 ratio in Chernobyl fallout. Phys Scr 1988;37:310-3.

Larsen RJ, Haagenson PL, Reiss NM. Transport processes associated with the initial
elevated concentrated of Chernobyl radioactivity in surface air in the United States.
J Environ Radioact 1989;10:1-18.

Leppdnen A-P, Muikku M, Jaakkola T, Lehto J, Rahola T, Rissanen K, et al. Effective
half-lives of '*Cs and '’Cs in reindeer meat and in reindeer herders in Finland
after the Chernobyl accident and the ensuing effective radiation doses to humans.
Health Phys 2011;100:468-81.

Likhtarov I, Kovgan L, Chepurny M, Ivanova O, Boyko Z, Ratia G, et al. Estimation of the
thyroid doses for Ukrainian children exposed in utero after the Chernobyl accident.
Health Phys 2011;100:583-93.

Lipscy PY, Kushida KE, Incerti T. The Fukushima disaster and Japan's nuclear plant
vulnerability in comparative perspective. Environ Sci Technol 2013;47:6082-8.
Livens FR, Fowler D, Horrill AD. Wet and dry deposition of ', '**Cs and '*’Cs at an

upland site in Northern England. ] Environ Radioact 1992;16:243-54.

Long NQ, Truong Y, Hien PD, Binh NT, Sieu LN, Giap TV, et al. Atmospheric radionuclides
from the Fukushima Dai-ichi nuclear reactor accident observed in Vietnam. ] Environ
Radioact 2012;111:53-8.

Lujaniene G, Valiulis D, Bycenkiene S, Sakalys ], Povinec PP. Plutonium isotopes and 24'Am
in the atmosphere of Lithuania: a comparison of different source terms. Atmos
Environ 2012a;61:419-27.

Lujaniene G, ByCenkiene S, Povinec PP, Gera M. Radionuclides from the Fukushima
accident in the air over Lithuania: measurement and modelling approaches. ] Environ
Radioact 2012b;114:71-80.

Madigan DJ, Baumann Z, Fisher NS. Pacific bluefin tuna transport Fukushima-derived
radionuclides from Japan to California. Proc Natl Acad Sci U S A 2012;109:9483-6.

Madigan DJ, Baumann Z, Snodgrass OE, Ergiil HA, Dewar H, Fisher NS. Radiocesium in
Pacific Bluefin Tuna Thunnus orientalis in 2012 validates new tracer technique.
Environ Sci Technol 2013;47:2287-94.

Malek MA, Hinton TG, Webb SB. A comparison of °Sr and '*’Cs uptake in plants via three
pathways at two Chernobyl-contaminated sites. ] Environ Radioact 2001;58:129-41.

Manley SL, Lowe CG. Canopy-forming kelps as California's coastal dosimeter: ' from
damaged japanese reactor measured in Macrocystis pyrifera. Environ Sci Technol
2012;46:3731-6.

Manolopoulou M, Vagena E, Stoulos S, Ioannidou A, Papastefanou C. Radioiodine and
radiocesium in Thessaloniki, Northern Greece due to the Fukushima nuclear accident.
J Environ Radioact 2011;102:796-7.

Masson O, Baeza A, Bieringer J, Brudecki K, Bucci S, Cappai M, et al. Tracking of airborne
radionuclides from the damaged Fukushima Dai-Ichi Nuclear Reactors by European
networks. Environ Sci Technol 2011;45:7670-7.

Mattsson S, Vesanen R. Patterns of Chernobyl fallout in relation to local weather
conditions. Environ Int 1988;14:177-80.

Melgunov MS, Pokhilenko NP, Strakhovenko VD, Sukhorukov FV, Chuguevskii AV. Fallout
traces of the Fukushima NPP accident in southern West Siberia (Novosibirsk, Russia).
Environ Sci Pollut Res 2012;19:1323-5.

Merz S, Steinhauser G, Hamada N. Anthropogenic radionuclides in Japanese food:
environmental and legal implications. Environ Sci Technol 2013;47:1248-56.

Michel R. 20 Jahre nach Tschernobyl (in German). Nachr Aus Der Chem 2006;54:
390-7.

Michel R, Voigt G. Die Wege der Radionuklide (in German). Phys ] 2006;5:37-42.

Michel R, Handl J, Ernst T, Botsch W, Szidat S, Schmidt A, et al. lodine-129 in soils from
Northern Ukraine and the retrospective dosimetry of the iodine-131 exposure after
the Chernobyl accident. Sci Total Environ 2005;340:35-55.

Mietelski JW, Was B. Plutonium from Chernobyl in Poland. Appl Radiat Isot 1995;46:
1203-11.

Miley HS, Bowyer TW, Engelmann MD, Eslinger PW, Friese JA, Greenwood LR, et al.
Measurement of Fukushima aerosol debris in Sequim and Richland, WA and
Ketchikan, AK. ] Radioanal Nucl Chem 2013;296:877-82.

Mishra UC. Comparison of radionuclides levels from the Chernobyl reactor accident and
from global fallout. ] Radioanal Nucl Chem 1990;138:119-25.

Miyake Y, Matsuzaki H, Fujiwara T, Saito T, Yamagata T, Honda M, et al. Isotopic ratio of
radioactive iodine ('2°/'*'I) released from Fukushima Daiichi NPP accident.
Geochem ] 2012;46:327-33.

Morgun VV, Logvinenko VY, Toryanik VN. Mutations of winter wheat induced by
radionuclide contamination resulted from Chernobyl catastrophe. Fiziol Biokhim
Kul't Rast 1996;28:291-6. (in Russian).

Morino Y, Ohara T, Nishisawa M. Geophys Res Lett 2011;38. [LO0G11/1-7].

Mousseau TA, Nelson N, Shestopalov V. Don't underestimate the death rate from
Chernobyl. Nature (London, U. K.) 2005;437:1089.

Muramatsu Y, Sumiya M, Omomo Y. lodine-131 and other radionuclides in
environmental samples collected from Ibaraki/Japan after the Chernobyl accident.
Sci Total Environ 1987;67:149-58.

NERHQ. Report of Japanese Government to the IAEA Ministerial Conference on Nuclear
Safety — the accident at TEPCO's Fukushima nuclear power stations. http://www.

kantei.go.jp/foreign/kan/topics/201106/iaea_houkokusho_e.html, 2011. [Accessed:
March 2013].

NHK. http://www.youtube.com/watch?v=23d0OVb76uzc, 2013. [Accessed: September
2013].

Nishihara K, Yamagishi I, Yasuda K, Ishimori K, Tanaka K, Kuno T, et al. Radionuclide
release to stagnant water in Fukushima-1 nuclear power plant. At Energy Soc Jpn
2012;11:13-9.

Nishizawa K, Takata K, Hamada N, Ogata Y, Kojima S, Takeshima K. Monitoring of
iodine-131 in milk and rain water in Japan following the reactor accident at
Chernobyl and estimates of human thyroidal dose equivalents. Health Phys
1988;55:773-7.

Norman EB, Angell CT, Chodash PA. Observations of fallout from the Fukushima reactor
accident in San Francisco Bay area rainwater. PLoS One 2011;6:e24330.

Normile D. Insistence on gathering real data confirms low radiation exposures. Science
2013;340:678-9.

NRC. Health risks from exposure to low levels of ionizing radiation: BEIR VII Phase II
Washington: U.S. National Research Council; 2006.

Ogata Y. Fallout by the disaster of Fukushima Daiichi Nuclear Plant at Nagoya. Radiat
Meas 2013;55:96-8.

Ohta H. Environmental remediation of contaminated area by the Fukushima-Daiichi
NPP accident. https://www.google.com/url?q=http://www.iaea.org/OurWork/
NE/NEFW/WTS-Networks/IDN/idnfiles/IDN_AnnFor2011/Cleanup_activities-OHTA.
pdf&sa=U&ei=IhhCUr7KF4mlqgG091GoDQ&ved =0CBYQFjAG&client=internal-
uds-cse&usg=AFQjCNG6Q2kWQqa7xr7ATAxhLthD1QBHaw, 2011. [Accessed:
September 2013].

Oshita S, Yasunaga E, Takata D, Tanoi K, Kawagoe Y, Shirai H, et al. Radioactivity
measurement of soil and vegetables arisen from Fukushima Daiichi Nuclear Power
Plant accident — a case studies of low level contamination in Tokyo and Fukushima.
Radioisotopes 2013;62:149-57.

Paatero ], Hameri K, Jaakkola T, Jantunen M, Koivukoski ], Saxen R. Airborne and deposited
radioactivity from the Chernobyl accident — a review of investigations in Finland.
Boreal Environ Res 2010;15:19-33.

Papastefanou C, Manolopoulou M, Charalambous S. Radiation measurements and
radioecological aspects of fallout from the Chernobyl reactor accident. | Environ
Radioact 1988;7:49-64.

Papastefanou C, Manolopoulou M, loannidou A, Zahariadou K, Stoulos S, Charalambous S.
Time-dependent radioactive concentrations of fallout following the Chernobyl
reactor accident. Sci Total Environ 1989;84:283-9.

Parache V, Pourcelot L, Roussel-Debet S, Orjollet D, Leblanc F, Soria C, et al. Transfer of '
from Fukushima to the Vegetation and Milk in France. Environ Sci Technol 2011;45:
9998-10003.

Paul M, Fink D, Hollos G, Kaufman A, Kutschera W, Magaritz M. Measurement of
iodine-129 concentrations in the environment after the Chernobyl reactor accident.
Nucl Instrum Meth B 1987;B29:341-5.

Petropoulos NP, Hinis EP, Simopoulos SE. '*’Cs Chernobyl fallout in Greece and its
associated radiological impact. Environ Int 1996;22:5369-73.

Pietrzak-Flis Z, Krajewski P, Radwan I, Muramatsu Y. Retrospective evaluation of '3'l
deposition density and thyroid dose in Poland after Chernobyl accident. Health
Phys 2003;84:698-708.

Pinder JE, Hinton TG, Whicker FW, Smith JT. Cesium accumulation by fish following acute
input to lakes: a comparison of experimental and Chernobyl-impacted systems.
] Environ Radioact 2009;100:456-67.

Pittauerova D, Hettwig B, Fischer HW. Fukushima fallout in Northwest German
environmental media. ] Environ Radioact 2011;102:877-80.

Povinec PP, Hirose K, Aoyama M. Radiostrontium in the Western North Pacific:
characteristics, behavior, and the Fukushima impact. Environ Sci Technol 2012;46:
10356-63.

Prohl G, Miick K, Likhtarev I, Kovgan L, Golikov V. Reconstruction of the ingestion doses
received by the population evacuated from the settlements in the 30-km zone
around the Chernobyl reactor. Health Phys 2002;82:173-81.

Retalis D, Pitta A. Effects on electrical parameters at Athens Greece by radioactive
fallout from a nuclear power plant accident. J] Geophys Res Atmos 1989;94:
13093-7.

Rezzoug S, Michel H, Fernex F, Barci-Funel G, Barci V. Evaluation of 137Cs fallout from the
Chernobyl accident in a forest soil and its impact on alpine lake sediments,
Mercantour Massif, S.E. France. ] Environ Radioact 2006;85:369-79.

Rithm W, Kénig K, Bayer A. Long-term follow-up of the *’Cs body burden of individuals
after the Chernobyl accident — a means for the determination of biological half-lives.
Health Phys 1999;77:373-82.

Runde W, Neu MP, Goff GS. 2010. Civilian nuclear accidents. In: Atwood DA, editor.
Radionuclides in the environment. Chichester: John Wiley & Sons; 2010.

Sansom BF. An assessment of the risks to the health of grazing animals from the
radioactive contamination of pastures. Brit Vet ] 1989;145:206-11.

Schimmack W, Flessa H, Bunzl K. Vertical migration of Chernobyl-derived radiocesium in
Bavarian grassland soils. Naturwissenschaften 1997;84:204-7.

Schneider S, Walther C, Bister S, Schauer V, Christl M, Synal H-A, et al. Plutonium release
from Fukushima Daiichi fosters the need for more detailed investigations. Sci Rep
2013;3:2988.

Schwantes JM, Orton CR, Clark RA. Analysis of a nuclear accident: fission and activation
product releases from the Fukushima Daiichi Nuclear Facility as remote indicators
of source identification, extent of release, and state of damaged spent nuclear fuel.
Environ Sci Technol 2012;46:8621-7.

Shakhtarin VV, Tsyb AF, Stepanenko VF, Orlov MY, Kopecky K], Davis S. lodine deficiency,
radiation dose, and the risk of thyroid cancer among children and adolescents in the
Bryansk region of Russia following the Chernobyl power station accident. Int ]
Epidemiol 2003;32:584-91.


http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0490
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0490
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0490
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0490
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0490
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0495
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0495
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0495
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0495
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0500
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0500
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0505
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0505
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0510
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0510
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0515
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0515
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0515
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0520
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0520
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0520
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0520
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0520
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0520
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0525
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0525
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0525
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0530
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0530
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0535
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0535
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0535
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0535
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0535
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1015
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1015
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1015
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0540
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0540
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0540
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0540
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1020
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1020
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1020
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0545
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0545
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0550
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0550
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0550
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0555
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0555
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0555
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0555
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0560
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0560
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0560
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0560
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0565
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0565
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0565
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0570
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0570
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0570
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0575
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0575
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0580
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0580
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0580
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0585
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0585
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0595
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0595
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0600
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0590
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0590
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0590
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0605
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0605
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0610
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0610
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0615
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0615
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0620
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0620
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0620
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0620
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0620
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0625
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0625
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0625
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1025
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1030
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1030
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0630
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0630
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0630
http://www.kantei.go.jp/foreign/kan/topics/201106/iaea_houkokusho_e.html
http://www.kantei.go.jp/foreign/kan/topics/201106/iaea_houkokusho_e.html
http://www.youtube.com/watch?v=23dOVb76uzc
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0635
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0635
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0635
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0640
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0640
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0640
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0640
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0645
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0645
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0650
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0650
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1045
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1045
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0655
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0655
https://www.google.com/url?q=http://www.iaea.org/OurWork/NE/NEFW/WTS-Networks/IDN/idnfiles/IDN_AnnFor2011/Cleanup_activities-OHTA.pdf&sa=U&ei=lhhCUr7KF4mlqgG09IGoDQ&ved=0CBYQFjAG&client=internal-uds-cse&usg=AFQjCNG6Q2kWQqa7xr7ATAxhLthD1QBHaw
https://www.google.com/url?q=http://www.iaea.org/OurWork/NE/NEFW/WTS-Networks/IDN/idnfiles/IDN_AnnFor2011/Cleanup_activities-OHTA.pdf&sa=U&ei=lhhCUr7KF4mlqgG09IGoDQ&ved=0CBYQFjAG&client=internal-uds-cse&usg=AFQjCNG6Q2kWQqa7xr7ATAxhLthD1QBHaw
https://www.google.com/url?q=http://www.iaea.org/OurWork/NE/NEFW/WTS-Networks/IDN/idnfiles/IDN_AnnFor2011/Cleanup_activities-OHTA.pdf&sa=U&ei=lhhCUr7KF4mlqgG09IGoDQ&ved=0CBYQFjAG&client=internal-uds-cse&usg=AFQjCNG6Q2kWQqa7xr7ATAxhLthD1QBHaw
https://www.google.com/url?q=http://www.iaea.org/OurWork/NE/NEFW/WTS-Networks/IDN/idnfiles/IDN_AnnFor2011/Cleanup_activities-OHTA.pdf&sa=U&ei=lhhCUr7KF4mlqgG09IGoDQ&ved=0CBYQFjAG&client=internal-uds-cse&usg=AFQjCNG6Q2kWQqa7xr7ATAxhLthD1QBHaw
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0660
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0660
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0660
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0660
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0665
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0665
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0665
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0670
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0670
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0670
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0675
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0675
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0680
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0680
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0680
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0680
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0685
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0685
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0685
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0690
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0690
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0690
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0695
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0695
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0695
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0695
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0700
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0700
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0700
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0705
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0705
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0710
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0710
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0710
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0715
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0715
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0715
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0720
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0720
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0720
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0725
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0725
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0725
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0730
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0730
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0730
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0730
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0735
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0735
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0740
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0740
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0745
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0745
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0750
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0750
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0750
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0755
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0755
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0755
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0755
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0760
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0760
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0760
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0760

G. Steinhauser et al. / Science of the Total Environment 470-471 (2014) 800-817 817

Shigemura J, Tanigawa T, Nomura S. Launch of mental health support to the Fukushima
Daiichi nuclear power plant workers. Am ] Psychiatry 2012a;169:784.

Shigemura J, Tanigawa T, Saito I, Nomura S. Psychological distress in workers at the
Fukushima nuclear power plants. ] Am Med Assoc 2012b;308:667-9.

Shimura H, Itoh K, Sugiyama A, Ichijo S, Ichijo M, Furuya F, et al. Absorption of
radionuclides from the Fukushima nuclear accident by a novel algal strain. PLoS
One 2012;7:e44200.

Shozugawa K, Nogawa N, Matsuo M. Deposition of fission and activation products after
the Fukushima Dai-ichi nuclear power plant accident. Environ Pollut 2012;163:
243-7.

Simopoulos SE. Soil sampling and cesium-137 analysis of the Chernobyl fallout in Greece.
Appl Radiat Isot 1989;40:607-13.

Smith JT, Beresford NA. Chernobyl — catastrophe and consequences. Chichester:
Springer-Praxis Publishing; 2005.

Steinhauser G, Merz S, Kiibber-Heiss A, Katzlberger C. Using animal thyroids as
ultra-sensitive biomonitors for environmental radioiodine. Environ Sci Technol
2012;46:12890-4.

Steinhauser G, Merz S, Hainz D, Sterba JH. Artificial radioactivity in environmental media
(air, rainwater, soil, vegetation) in Austria after the Fukushima nuclear accident.
Environ Sci Pollut Res 2013a;20:2527-37.

Steinhauser G, Schauer V, Shozugawa K. Concentration of strontium-90 at selected hot
spots in Japan. PLoS One 2013b;8:e57760.

Stohl A, Seibert P, Wotawa G, Arnold D, Burkhart JF, Eckhardt S, et al. Xenon-133 and
caesium-137 releases into the atmosphere from the Fukushima Dai-ichi nuclear
power plant: determination of the source term, atmospheric dispersion, and
deposition. Atmos Chem Phys Discuss 2011;11:28319-94.

Stohl A, Seibert P, Wotawa G. The total release of xenon-133 from the Fukushima Dai-ichi
nuclear power plant accident. ] Environ Radioact 2012;112:155-9.

Straume T, Anspaugh LR, Marchetti AA, Voigt G, Minenko V, Gu F, et al. Measurement of
1291 and '*’Cs in soils from Belarus and reconstruction of *'I deposition from the
Chernoby! accident. Health Phys 2006;91:7-19.

Tagami K, Uchida S, Uchihori Y, Ishii N, Kitamura H, Shirakawa Y. Specific activity and
activity ratios of radionuclides in soil collected about 20 km from the Fukushima
Daiichi Nuclear Power Plant: radionuclide release to the south and southwest. Sci
Total Environ 2011;409:4885-8.

Tagami K, Uchida S, Ishii N, Zheng ]. Estimation of Te-132 distribution in Fukushima
Prefecture at the early stage of the Fukushima Daiichi nuclear power plant reactor
failures. Environ Sci Technol 2013;47:5007-12.

Taira Y, Hayashida N, Tsuchiya R, Yamaguchi H, Takahashi ], Kazlovsky A, et al. Vertical
distribution and estimated doses from artificial radionuclides in soil samples around
the Chernobyl Nuclear Power Plant and the Semipalatinsk nuclear testing site. PLoS
One 2013;8:e57524.

Tanabe F. Analyses of core melt and re-melt in the Fukushima Daiichi nuclear reactors. |
Nucl Sci Technol 2012;49:18-36.

Tataruch F, Schénhofer F, Onderscheka K. Untersuchungen zur radioaktiven Belastung der
Wildtiere in Osterreich. Z Jagdwiss 1988;34:22-35. (in German).

Teherani DK. Determination of '3'I, 134Cs, '3’Cs in grass and cheese after Chernobyl
accident in Austria. ] Radioanal Nucl Chem 1987;118:409-14.

Ten Hoeve JE, Jacobson MZ. Worldwide health effects of the Fukushima Daiichi nuclear
accident. Energy Environ Sci 2012;5:8743-57.

Thakur P, Ballard S, Nelson R. Radioactive fallout in the United States due to the
Fukushima nuclear plant accident. ] Environ Monit 2012;14:1317-24.

Thakur P, Ballard S, Nelson R. An overview of Fukushima radionuclides measured in the
northern hemisphere. Sci Total Environ 2013;458-460:577-613.

The Chernobyl Forum. Chernobyl's legacy: health, environmental and socio-economic
impacts and recommendations to the governments of Belarus, the Russian Federation
and Ukraine. Vienna: IAEA; 2006.

Thielen H. The Fukushima Daiichi Nuclear Accident — an overview. Health Phys
2012;103:169-74.

Thomas AJ, Martin JM. First assessment of Chernobyl radioactive plume over Paris. Nature
1986;321:817-9.

Thomassin A, Queinnec F, Rannou A, Aigueperse J, Gourmelon P, Jourdain J-R, et al.
Assessment on the 66th day of projected external dose for populations living

in the North-West fallout zone of the Fukushima nuclear accident. IRSN Report
DRPH/2011-10; 2011. p. 1-9.

Tokonami S, Hosoda M, Akiba S, Sorimachi A, Kashiwakura I, Balonov M. Thyroid doses for
evacuees from the Fukushima nuclear accident. Sci Rep 2012;2:507.

Travnikova IG, Bruk GJ, Shutov VN, Bazjukin AB, Balonov MI, Rahola T, et al. Contribution of
different foodstuffs to the internal exposure of rural inhabitants in Russia after the
Chernobyl accident. Radiat Prot Dosimetry 2001;93:331-9.

Tronko MD, Howe GR, Bogdanova TI, Bouville AC, Epstein OV, Brill AB, et al. A cohort study of
thyroid cancer and other thyroid diseases after the Chornobyl accident: thyroid cancer in
Ukraine detected during first screening. ] Natl Cancer Inst 2006;98:897-903.

Tuomi T. Ten year summary 1977-1986 of atmospheric electricity at Helsinki-Vantaa
Airport, Finland. Geophysica 1989;25:1-20.

United Nations. Sources and effects of lonising Radiation (report to the general assembly).
New York: Scientific Committee on the Effects of Atomic Radiation (UNSCEAR); 2000.

UNSCEAR. Exposures and effects of the Chernobyl accident (Annex ). New York: United
Nations; 2000.

UNSCEAR. Sources and effects of ionizing radiation (annex D). New York: United Nations;
2008.

USSRSCUAE (USSR State Committee on the Utilization of Atomic Energy). The accident at
the Chernobyl Nuclear Power Plant and its consequences. Annexes, 4; 19865.

Vakulovsky SM, Nikitin Al, Chumichev VB, Katrich 1Y, Voitsekhovich OA, Medinets VI,
et al. Cesium-137 and strontium-90 contamination of water bodies in the areas
affected by releases from the Chernobyl nuclear power plant accident: an overview.
] Environ Radioact 1994;23:103-22.

Valeska S. Chernobyl: poverty and stress pose ‘bigger threat’ than radiation. Nature
2005;437:181.

Van Middlesworth L. Environmental radioiodine in thyroids of grazing animals. In: Gray
RH, editor. Environmental monitoring, restoration and assessment: what have we
learned? twenty-eighth Hanford Symposium on health and the evironment.
Richland: Pacific Northwest Laboratory; 1990. p. 15-24.

Van Middlesworth L, Loos U. Cesium-137 and iodine-131 in thyroids of cattle and sheep
after nuclear accidents and weapons tests. Health Phys 1988;55:809-11.

Victorova N, Voitesekhovitch O, Sorochinsky B, Vandenhove H, Konoplev A, Konopleva I.
Phytoremediation of Chernobyl contaminated land. Radiat Prot Dosimetry 2000;92:
59-64.

Von Hippel FN. The radiological and psychological consequences of the Fukushima Daiichi
accident. Bull At Sci 2011;67:27-36.

Whitehead NE, Ballestra S, Holm E, Walton A. Air radionuclide patterns observed at
Monaco from the Chernobyl accident. ] Environ Radioact 1988;7:249-64.

Winiarek V, Bocquet M, Saunier O, Mathieu A. Estimation of errors in the inverse
modeling of accidental release of atmospheric pollutant: application to the
reconstruction of the cesium-137 and iodine-131 source terms from the Fukushima
Daiichi power plant. ] Geophys Res D: Atmos 2012;117. [D05122/1-16].

World Health Organization. Health risk assessment from the nuclear accident after the
2011 Great East Japan earthquake and tsunami, based on a preliminary dose
estimation. Geneva: WHO; 2013.

Yablokov AV, Nesterenko VB, Nesterenko AA. Chernobyl — consequences of the
catastrophe for people and the environment. Malden: Blackwell Publishing; 2009.

Yamashita S, Suzuki S. Risk of thyroid cancer after the Fukushima nuclear power plant
accident. Respir Invest 2013;51:128-33.

Yasunari TJ, Stohl A, Hayano RS, Burkhart JF, Eckhardt S, Yasunari T. Cesium-137
deposition and contamination of Japanese soils due to the Fukushima nuclear
accident. Proc Natl Acad Sci U S A 2011;108:19530-4.

Yoshida N, Takahashi Y. Land-surface contamination by radionuclides from the
Fukushima Daiichi nuclear power plant accident. Elements 2012;8:201-6.

Zheng ], Tagami K, Watanabe Y, Uchida S, Aono T, Ishii N, et al. Isotopic evidence of
plutonium release into the environment from the Fukushima DNPP accident. Sci
Rep 2012;2:304.

Zhuchenko YM, Firsakova SK, Voigt G. Modeling radionuclide effluxes from agricultural
and natural ecosystems in Belarus. Health Phys 2002;82:881-6.

Zvonova I, Krajewski P, Berkovsky V, Ammann M, Duffa C, Filistovic V, et al. Validation of
131] ecological transfer models and thyroid dose assessments using Chernobyl fallout
data from the Plavsk district, Russia. ] Environ Radioact 2009;101:8-15.


http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0765
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0765
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0770
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0770
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0775
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0775
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0775
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0780
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0780
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0780
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0785
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0785
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0790
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0790
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0795
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0795
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0795
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0800
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0800
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0800
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0805
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0805
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0810
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0810
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0810
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0810
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0815
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0815
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0820
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0820
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0820
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0820
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0820
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0820
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0825
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0825
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0825
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0825
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0825
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf9000
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf9000
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf9000
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1055
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1055
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1055
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1055
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0830
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0830
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0835
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0835
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0840
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0840
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0840
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0840
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0840
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0845
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0845
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0850
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0850
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0855
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0855
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1060
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1060
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1060
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0860
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0860
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0865
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0865
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1065
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1065
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1065
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0870
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0870
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0875
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0875
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0875
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0880
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0880
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0880
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0885
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0885
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1070
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1070
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1075
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1075
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1080
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1080
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1085
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1085
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0890
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0890
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0890
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0895
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0895
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1090
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1090
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1090
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1090
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0900
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0900
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0910
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0910
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0915
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0915
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0920
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0920
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1095
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1095
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1095
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1095
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1100
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1100
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf1100
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0925
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0925
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0930
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0930
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0935
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0935
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0935
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0940
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0940
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0945
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0945
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0945
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0950
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0950
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0955
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0955
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0955
http://refhub.elsevier.com/S0048-9697(13)01173-X/rf0955

	Comparison of the Chernobyl and Fukushima nuclear accidents: A review of the environmental impacts
	1. Introduction
	2. Causes of the accidents
	3. Types and amounts of released radionuclides
	4. Areas of contamination and evacuation
	5. Environmental impact of the released radionuclides
	6. Doses, health effects and projected mortality
	7. Food safety after the accidents
	8. Mutual characteristics of both accidents
	9. Conclusion
	Acknowledgments
	Appendix A. Supplementary data
	References


